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ABSTRACT

The research program underway at the University of Illinois at Chicago,
whose main goal is the development of coherent x-ray sources in the kilovolt
range, is described. An initial application of short wavelength radiation in
the vacuum ultraviolet region for photoemission studies of GaHz surfaces has

been performed demonstrating the feasibility of this class of experiments.
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I. Discussion of Research Progress
' A. Short Wavelength Production
___7 A basic and long-standing problem in the field of coherent sources is
\ that associated with the generation of coherent energy in the extreme ultra-
violet and soft x-ray regions. During the last three years, picosecond rare
gas nalogen (RGH) excimer laser technology, on account of the very favorable
scaling relationships governing the spectral brightness of these sources, has

emerged as a key factor in new techniques useful for generation of coherent

N radiation below 100 nm.  In the program discussed in this report, which has
‘ L— —— ———
- explored the research tonics listed in Appendix AP the operation of RGE sys-

tems will be extended down into the femtosecond region, a development that
PRPER

<'? $ 10TW range to be used

will enable sources with peax powers P in the iTW

in physical studies. Lignt sources of this kind should permit the generation

I . . ' s ey o 4 ‘
of focal intensities above =~ 102“d W/cm?2, e .

Recent research findings! lead to t}; concluéion that the direct multi-
photon excitatiorn of appropriate ampliifying media with hign spectral bright-
ness ultraviolet sources Is the most promising choice for the generation of
short wavelength radiation in the kilovolt range. In addition to satisfying
the demanding energvy density reguirements generally called for to create
amplification in the x-ray range, this method of excitation utilizes the
coherence obtainable from RGH sources to enhance the coupling strength and
provide seliectivity in the energy fiow2:3, No alternative method under studvy
has this feature. ne application of this tecnnicue to the x-ray region
requires an envenced study of the basic character of nigh order nonlinear
Processes in Tne uitraviolet in an intensity range corresnonaing to raciatin

. - . . 2 - . § ..
fleld strengtie Z greater than an atomic unit (e/ao). This class of pnveical

mechanisns, wnich, under appropriate conditions, aprears o involre

. . " l>‘ﬂ. . » '..'- Aq"~ ~'.'.--.‘. - - * o ' o o --..I‘. -". - S e e - - - . s :
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. ordered electronic motions in the atom, has been recentiy shown to exhipit ‘
* N
. surprising characteristics. These features suggest that entireiv new _

approaches for the efficient production of x-rays are feasible.

Our work involves a program of activities, involving both experimental ":
\ and theoretical components, to explore the physical processes relevant to g

the basic question of coherent x-ray production. This includes measurements ,
l of ions4/5, electrons®, and photons® in addition to a theoretical effort con- \
b centrating on the character of high order multiquantum coupling in the inten- q
Y sity regime above 1017 W/cm?2. In addition, attention is given to closely rel- E
ated issues involving the spectroscopy of multiply excited atomic states and ~
the properties of electron collisions. Detailed discussions on the relevant r\
. technical issues are contained in Appendices B - G. V
We believe that the results of these basic measurements will provide ._
- important information on the properties of inner-shell systems useful for ‘.',:-

N;‘

high energy x-ray production. A three-vear program of researcn is envisaged,

g RS
the orincipal goal of which is the development of an X-ray iaser in the giio- ._“
.: volt range. If the program of studies described in this document is success- '\""
ful and develops along the expected lines, tne feasibility of lLaboratory ,.

AR

: scale coherent sources in the x-ray range will be established and a demons- Et,s
tration model will have been constructed and placed in operation. It is also :E;
- anticipated that such a device wilil prove to be compact, rugged, and moderate
in cost. ‘

- B. Application of Short Wavelength Radiation :
to Solid State Surface Studies -

e

Short waelength radiation has many uses for dhvsical studies of con-

hy Ry
L
)

's
L4
[

densed matter. One such measurement involves pnotoemission from surfaces.

~Y
‘e
% I‘,l_c"'l

In order to test these concepts, a photoemission experiment has been per-

-

K formed on a Gakz surface.
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The overall experiment is shown in Fig. (1). Two wavelengths were used;
193 nm radiation from an ArF*source’ and 150 nm radiation from a Hz laser.8
Both sources had pulse lengths of ~ 10 ps. The details of the electron ana-
lyzer are shown in Fig. (2).

The recorded electron time-of-flight distributions are shown for irradi-
ation at 193 nm and 150 nm wavelengths in Fig. (3) and Fig. (4), respectively.
As expected, the electrons produced at 150 nm have higher velocities than
those generated at 193 nm. These studies demonstrate the feasibility of
such surface studies with the short wavelength radiation that can be gener-

ated with picosecond pulse rare gas halogen laser systems.
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- brightness design. The presently available femtosecond pulse technology,

e . . - .

II. Corclusions o

]
-
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Experimental results obtained over the last several vears demonstrate

/i
A

I 4

¢
RN

LA

that bright tunable coherent radiation in the 10 nm to 100 nm spectral range

A,
v e
7 38 10

i % 2% 4 |
b
Iy - =

can be generated with the use of high spectral brigntness (RGH) laser sys-
tems. Strong evidence, consisting primarily of the known scaling properties
of RGH systems, the discovery of anomalous nonlinear radiative coupling to

certain heavy materials, and the availability of an atomic mechanism for

selective inner-shell excitation, supports the conclusion that these results

car be extended to the kilovolt spectral region. Elementary consicerations .

s

PR

2 e

- - - - - K3 o]
led to the conclusion several years ago that peak powers in excess of 1012 W

]
£

»
»

v W

can be generated with relatively modest scale RGE systems of special high

%

which is clearly applicable to the ultraviolet region, rigorously underlines
this view and appears to make peak powers near 10 TW feasible. With instru-
mentation of %nat kind, a program of basic pnysical stucies can be performned
into an intensity range exceeding 1020 W/em?. - At such an intensity, the peax
electric Zieic o0f tne coherent driving wave adproaches the unvprecedented
value of ~ 100 e/ag. In such an evtreme environment, which Is impossible to

rocesses never

[ Vel
r
I
Y]
rt

‘g
Y

2
0]
[
O
1]
(3]

'Y

generate by any other known means, it is likely

previously observed will be detected.

At enercgv densities of the scale statec¢ avove, an atom exderiences a Tl
violent perturbation that has important features in common with certain well S
Y

< ag Cigignal m »ch ion-at 1iisions 2:10 electron-ion K
stucied coll.isional »pnenomena such as ion-atom collisions,?: electron-ion .

colliisions, ané veam-foil interactions. InfAeec, ‘n tne case of neam-foil
collisions, a radiative environment at an intensity of 3 x 1018 W/em? at an
vlitraviolet waverencth approximates, in several important respects, the .
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conditions associated with the passage of an argon ion through a carbon foil

‘r-2y
f

-
0.

.
AR

«u @A
EP

o

with a kinetic energy of ~ 1 GeV. This rough similarity leads to the consi-
deration of the conceptll of an "optical solid" in which stationary atoms in
a sufficiently intense radiative field will experience an interaction compar-
\ able to that of energetic ions traversing solid matter. A natural expecta-

. tion is an extreme level of excitation. In addition, the coherence of the
b

radiative environment is expvected to introduce a measure of control on the T

energy transfer that will markedly increase the efficiency of energy fiow

over that normally characteristic of incoherent means of excitation.

~ne work outlined in this report has as its goal the dewveiopment of a

w-r2v laser in the kilovolt range. If thils program is successful, the feasi-

bility of laboratory scale coherent sources in the x-ray range will bpe esta-

-1

e}

ished. Furtrermore, in this event, we believe that the concepts we are

exploring have the clear potential of being engineered into compact and

ragged devices. This achievement will, perforce, serve an immense range of .E
el
appliications involving the micro-characterization of condensed matter, and N
may de as influential in our future understanding of the natural worlid as the :}t
Ciscovery of the light microscope was in its day- three hundred years ago. -
R
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o
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Multiphoton Ionization of Atoms

The invention of the laser made possi-
ble the experimental study of the nonlin-
car interaction of radiation with matter.
And, subsequently, over the last two
decades, a considerable field of activity
has developed around that basic prob-
lem, which can be represented generical-
ly by the process

Ny+ X—> Xx* n

in which N photons lead to the excitation
of a target atom or molecule X. For
generality, the excited product X* can
denote cither bound or continuum mo-
tions of the constituent particles. This
article will deal with certain recent find-
ings concerning multiphoton ionization.
The context of this physical study, how-
ever, relates directly to another problem
of general fundamental significance and
one that has had an important influence
on the direction and purpose of work at
the University of lllinois at Chicago.
That problem concerns the development
of a laser at x-ray wavelengths, a long-
sought goal.

Historically, the initial discussions of
coherent generation in the x-ray range
(1) and nonlinear atomic emission (2) and
absorption (3) all appeared more than 20
years ago in entirely independent cir-
cumstances. Recently, however, these
two arcas of inquiry have become
strongly linked, and it now appears that
the achievement of the former may de-
pend, at least in one possible representa-
tion, on certain basic properties of the
Iatter.

The significance of the x-ray laser goal
is ecasily stated. A spectrally bright
source of radiation in the x-ray region
would be unsurpassed (4) in-its ability to
microvisualize condensed matter. There

The suthor is in the Department of Physics, Uni-
mw'u Chicago, P.O. Bo: 4&? Chica-
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is little doubt that major areas of applica-
tion would include basic materials re-
search, microelectronics, biology, and,
indeed, any field that requires structural
information of solid matter on an atomic
scale. Since the peak spectral brightness
of an x-ray laser is expected to be on the
order of one trillion times greater than
any alternative means, it would be an
ideal source of radiation for these pur-
poses. At the same time, it is undisputed
that matter, under appropriate condi-
tions, can provide the amplification in
the x-ray range (Aw ~ 10° to 10 eV)

SCIENCE

though several alternative approaches
are currently being evaluated, over the
last few years our work has centered on
the use of high-power ultraviolet lasers
to serve as the source of excitation and
nonlinear radiative processes to provide
the needed physical coupling. In order to
evaluate whether this idea could work,
we began our study of multiple quantum
ionization.

A simple representation of the overall
process is illustrated in Fig. 1. Obvious-
ly, if Aw, is in the kilovolt range and if
Aw represents an ultraviolet quantum,
processes with values of N exceeding
100 must occur with appreciable proba-
bility in order for this mechanism to be
useful. Therefore, a single fundamental
question emerges: What are the basic
physical principles that establish the lim-
iton N?

When we began to study this question,
no relevant experimental data on this
matter existed. This was particularly
true for radiative field strengths (E) in
the vicinity of an atomic unit, e/ad,

Summary. Studies of muttiphoton lonization of atoms have revealed several
unexpected characteristics. The confluence of the experimental evidence leads to the
hypothesis that the basic character of the atomic response involves highly organized,
coherent motions of entire atomic shells. The important regime, for which the radiative
field strength is greater than an atomic unit (e/a3), can be viewed in approximate
correspondence with the physics of fast (approximately 10 MeV per atomic mass unit)
atom-atom scattering. This physical picture provides a basis for the expectation that
stimulated emission in the x-ray range can be produced by direct, highly nonlinear

coupling of ultraviolet radiation to atoms.

that is necessary to construct a coherent
source. However, the achievement of
those suitable conditions has proven to
be a formidable task.

The difficulty in generating amplifica-
tion at a quantum energy of 1 keV is
apparent from the general requirement,
established by basic physical reasoning,
that extraordinarily high specific power
densitics, on the order of 10'* W/cm® or
greater, be applied in a carefully con-
trolled way (/, 5). How can these neces-
sary conditions best be produced? It is
genenally understood (7, 5) that a high
effective brightness source of excitation
and an appropriate physical coupling
mechanism are the key requirements for
the successful creation of the conditions
for amplification in the x-ray range. Al-

.t et R
D S I TR et et e
P -

CACAR R S TN .\' -

where aq is the smallest Bohr radius.
Extant theoretical work, however, pre-
dicted ridiculously low rates for high-
order processes and, if believed, would
automatically lead to the conclusion that
any proposal to utilize a mechanism,
such as that shown in Fig. 1, is prepos-
terous. These earlier theories, however,
were based on rather restrictive assump-
tions concerning the basic nature of the
electronic motions governing the nonlin-
ear amplitudes. On the other hand, sev-
eral years ago I found it possible to
construct a class of high-order process-
es, involving certain types of atomic
motions, in which the rates would be
enormously enhanced. Are such motions
possible? 1 now believe that the method
used to calculate those original estimates

1345

v e Tt ittt ettt At e

.-, -
-y v e

. -~ . PR S S
Tt T At N e LN
» N »

o

ey

s o - e e,
et
T I N Y}

2 1A

“
e



CALSEN PO gl OIS AR SN et u N g N S Ras SN A g R aR AR N S A

! < was is many ways incorrect, although _ Enersy -19- (13). This unexpected result, of course, —ad
. '~ the conclusion derived may not be. In t : stimulated further studies.
, « any case, the basic question had been *¥v ~1----- Xlowhed  In experiments to determine the role a2
; naised and resolution of the issue could — of atomic structure on the coupling oy
: only come from experiment. mechanism, the ionic spectra of several o
: —t- elements from He (Z = 2) 1o U (Z = 92) A
) Sy were studied (6-9). A typical ionic spec- N
I Experimental Studies - trum for Xe, produced by 193-nm radia- -
- tion at an intensity of about 10* W/icm? o
: Basically, there are three categorics of F_ with pulses of about S psec in duration, is e
\ fundamental physical measurement, illustrated in Fig. 4. The presence of all s
: founded respectively on the spectros- Y —¥ charge states up to Xe**, the first five of -
X copy of (i) ions, (ii) electrons, or (iii) 1. which have approximately comparable :$
photons, that can be used to unravel the 1 abundances, is immediately noted. An tl
I nature of the physical processes in- - overall summary of the ionic species !:
3 volved in the noanlinear interactions un- it ~ registered in the survey of the atomic S
f: der study. In our work we have used ion o — srovad number dependence is presented in Fig. e
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charge-state spectra, photoelectron en-
ergy spectra, and the properties of scat-
tered radiation. Among these, the mea-
surement of ion charge-state spectra un-
der collision-free conditions provides a
simple, unambiguous experimental test
that gives direct information on the scale
of the energy-transfer rate between the
radiation field and the atom. Therefore,
as a first step, such experiments were
performed. The results of these initial
studies were surprising, for it was from
measurements (6, 7) of this kind that the
first suggestions of an anomalously
strong coupling for high-order processes
(N ~ 100) were obtained.

The general class of physical process-
es studied in those experiments examin-
ing ion charge-state spectra (X¥*) was

Ny+ X—> X" + ge” Q)

Some of the apparatus used in the work
described below is illustrated in Fig. 2,
which shows the 193-nm ultraviolet laser
system, the time-of-flight ion spectrome-
ter, and the time-of-flight electron ana-
lyzer. Available ultraviolet laser technol-
ogy makes the performance of such stud-
ies convenient, since extraordinarily
high brightness and, therefore, unusually
large focused intensities are possible
with these laser sources. Initially, stud-
ies (6) of the process represented by Eq.
2, a subclass of the general reaction in
Eq. 1, were conducted with 193-nm radi-
ation at an intensity of approximately
10" W/cm?.

Figure 3 illustrates the range of inten-
sity that has been explored over the past
2 years along with a projection of the
experimental regime that should become
available over a comparable period in the
future. Currently, peak intensities in the
range of 10" to 10'” W/cm? can be pro-
-duced with pulses having a duration of a
few picoseconds at a wavelength of 193
nm. At this intensity, the electric field £
is comparable t0 an atomic unit. Further-
more, as shown in Fig. 3, it is believed

Fig. 1. Simple representation of an atomic
multiquantum process involving the absorp-
tion of N ultraviolet quanta (Aw) to produce
an appropriate upper state X* that is inverted
with respect to the population in a lower level
X, Since a kilovolt energy scale is assumed
for Aw,, N > 1 and X* and X, will genenally
lie far above the ionization energy of the
neutral atomic ground-state system X.

that technical advances in femtosecond
ultraviolet laser technology should en-
able peak intensities, for coherent ener-
gY. 10 be produced in the range of 10% to
10?' W/cm?. This would represent a radi-
ation field amplitude of about 100 Eq and,
in terms of energy density, would be
equivalent to that produced by a black-
body with a temperature close to 10 keV,
which is an environment characteristic
of thermonuclear sources. Although all
the experiments to date have been con-
ducted in the range of E< E,, consid-
erable attention in the discussion below
will be given to this interesting and ini-
portant regime for which E » E,.

A prominent feature of the studies of
the ion-charge spectra was the unusually
strong nonlinear coupling characteristic
of certain heavy materials (6-9), a fea-
ture that was apparent even at intensitics
in the vicinity of 10" W/cm?. These
experiments clearly demonstrated that
standard theoretical techniques were in-
capable, by a discrepancy as great as
several orders of magnitude, of describ-
ing the observed charge-state spectra. A
resemblance was perceived between the
observed ion charge-state spectra and
those known to be characteristic of Au-
ger cascades (7-10). In addition, subse-
quent work by us, as well as other stud-
ies (11, 12) conducted at wavelengths of
1.06 and 0.53 um, confirmed the anoma-
lous nature of the coupling strength.
There was no doubt that the findings of
these experiments were clearly in con-
tradiction to all theoretical treatments, of
which there is a considerable number

5. Here, the maximum observed energy
transfers are on a scale of several hun-
dred electron volts for certain heavy
materials.

One of the salient features of the data
is the apparent influence of atomic shell
structure (6) on the observed ion spectra.
This dependence is manifested promi-
nently in the behavior of the heavier rare
gases. For Ar, Kr, and Xe, the maximum
charge states observed correspond to the
complete removal of certain outer atom-
ic subshells. Indeed, for these materials
they are the 3p, the 4p, and both the 5s
and Sp shells, respectively.

The hint provided by the role of the
shell structure led to the hypothesis that
it was mainly the number of electrons in
the outer subshells that governed the
coupling. A measurement of the re-
sponse of clements in the lanthanide
region, with the use of a method involv-
ing laser-induced evaporation (/4) to
provide the material, enabled this view
to be checked. From La (Z = 57) to Yb
(Z = 70) in the lanthanide series, aside
from slight rearrangements (75) involv-
ing the Sd shell for Gd (Z = 64), &f
electrons are being added to interior re-
gions (16) of the atoms. The data illus-
trated in Fig. $ for Eu (4/'6s") and Yb
(41'%6s%), which differ by seven 4f elec-
trons, indicate that these inner electrons
play a small role in the direct radiative
coupling, a fact that is in rapport with the
observed dependence on the outer-shell
structure.

The intensity dependence of these ion
spectra was also examined (8, 9). Over
the range of intensities studied (~10"* to
107 Wicm?), higher intensity generally
translated into an increased yield of ions
of a particular charge, although not nec-
essarily an increase in the maximum
charge state observed. For example, the
jon Xe®*, with closed-shell ground-state
(17) configuration 44™, was the greatest
charge state detected at approximately
10" W/cm? and, although its abundance
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incfeascd at about 10'7 W/em?, no Xe®*
appeared at the higher intensity. This
observation has led to the interpretation
that the Sp and Ss electrons in Xe are the
ones that govern the direct coupling of
the atom to the ultraviolet radiation field.

It was also possible to obtain informa-
tion on the frequency dependence of the
coupling by comparing the results at 193
nm (8) with studies performed indepen-
dently at 1.06 and 0.52 um (/2). This
comparison, which was conducted for an
intensity of about 10" W/cm? for both
Kr and Xe, indicated that the energy
transfer rate was reduced at the longer
wavelengths.

Overall, the ion studies showed (i)
anomalously strong nonlinear coupling
for certain heavy materials, (ii) an unmis-
takable signature of atomic shell effects,
and (iii) that energy transfer rates were
generally greater at shorter wavelengths
of irradiation. Moreover, the experimen-
tal evidence strongly suggested, at least
in a first approximation, that the greater
the number of electrons in the outer
shell, as designated solely by the princi-
pal quantum number, the greater the
strength of the nonlinear coupling (6-9).

Since it is expected that the measure-
ment of photoelectron energy distribu-
tions could provide valuable information
on the detailed nature of the electronic
motions occurring in reactions such as
that shown in Eq. 2, experiments of that
type, performed under collision-free
conditions, have been conducted (18).
This expectation, indeed, appears to be
borne out. For example, substantial dif-
ferences in the electron distributions
produced by Ar and Kr were seen even
though the ion spectra for these mateni-
als are similar and show that the outer p
shell is completely stripped in both cases
4, 9).

The most significant results now avail-
able, however, appear in connection
with the behavior of Xe. Indeed, in con-
trast to Ar and Kr, the Xe electron
energy spectrum exhibits a dramatic
change with increasing intensity of the
193-nm radiation in the range of 10" to
10" W/cm?. The first ionization line,
which corresponds to two-photon ab-
sorption with an attendant photoelectron
energy of 0.7 eV, nearly disappears,
while the three-photon process, arising
from continuum-continuum transitions
(19), becomes dominant. Furthermore,
the final-state distribution of the ions
generated for the three-quantum process
has approximately 80 percent in the ex-
cited 55°5p® 2P, state, with the remain-
ing 20 percent in the 55’Sp® 2Py, ground-
level state.

In addition to the ladder of continuum-
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continuum lines, new sharp photoelec-
tron features appear in the range from 8
to 22 eV at an intensity of about 10"
Wicm®. These lines have been assigned
to N,00 Auger lines after excitation of
the 44 inner shell. The most prominent
lines are those associated with N,0,0,
transitions, which terminate in the
44'%55%5p® double-hole state. This identi-
fication is predicated on the observation
that their relative spacing, number, and,
to a somewhat lesser extent, relative
intensities fit well to values previously
reported (20) for such Auger transitions.
Moreover, a total of eight electron lines
is observed, representing a quartet of
pairs of transitions, all of which exhibit
the known (20) 4dy; to 4ds, splitting in
Xe of approximately 2 eV.

The general trend (21, 22) of the elec-
tron spectrum for Xe as a function of
intensity is illustrated in Fig. 6. The
appearance of a group of lines at an
intensity of about 10'* W/cm? is attribut-
ed to Auger decay of 4d vacancies in the
atom. This spectral region (/8), which is
believed to represent N00 Auger pro-

cesses, is shown in higher resolution in
Fig. 7.

Finally, further expenimental evidence
bearing on the mechanism of coupling is
present in the characteristics of certain
stimulated emission spectra that have
been observed in Kr (23). In this case,
the states believed to be involved are
those having multiple excitations and
inner-shell excitations (24) in closely
coupled subshells, such as 4sd4p®n/ and
4s24p*nin’l’. As discussed below, this
class of levels is of exactly the type
expected to be strongly excited if certain
highly organized atomic motions. which
are consistent with both the ion charge-
state and photoelectron spectra, are
driven by the radiation field.

Mechanism of Coupling

We are now in a position to interpret
the experimental findings in terms of a
specific, although highly speculative,
mode] for the atomic response. The main
purpose of the description given below is

Fig. 2. Experimental ap-
paratus used in the stud-
ies of multiphoton ioniza-
tion at the University of
Illinois at Chicago. (a)
Output amplifier (left) of
the gigawatt 193-nm pico-
second laser system; (b)
ion time-of-flight spec-
trometer; and (c) electron
time-of-flight spectrome-
ter.
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Fiz.].l!eptuenmionofbres-
ent and possible future ranges

_ of intensity of irradiation avail-
E=1008, able with high-brightness ultra-
violet laser technology. Initial

10 KoV observations of anomalous pro-

backbody  cegees were made at approxi-

mately 10'* Wicm?®. Intensities
comparable to thermonuclear
environments (~10*' W/cm?)
appear to be possible with

oxperiments oxperiments
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not to provide an exact definitive analy-
sis, which now obviously is impossible,
but rather to furnish a framework for the
process of physical reasoning that should
reveal the truc nature of these very non-
linecar mechanisms.

From an analysis of the data now at
hand, which include information on the
dependencies on the atomic number Z
(6-8), the intensity, the frequency, and
the polarization, the following hypothe-
sis has emerged as an approximate de-
scription of the basic character of the
electronic motions involved in these pro-
cesses. Overall, the data strongly indi-
cate that an organized motion of an en-
tire shell, or a major fraction thereof, is
directly involved in the nonlinear cou-
pling. With this picture, the outer atomic
subshells are envisaged as being tran-
siently driven in coherent oscillation by
the intense ultraviolet wave. With this
type of electronic motion, the observed
increase in the multiphoton coupling
strength can be qualitatively related (8)
with the larger magnitude of the effective
charge involved in the interaction. In
quantum mechanical language, an oscil-
lating shell would be represented by a
wave function of a multiply excited con-
figuration. In this way, a multiclectron
atom undergoing a nonlinear interaction
responds in a fundamentally different
fashion from that of a single-electron
counterpart. A class of multiply excited

fon current

. 4* 2°

Time—of-fight

pulse lengths in the 100-fsec
range containing about 1 J of
energy.

configurations, consisting of doubly ex-
cited states, is known (25) to play an
important role in processes of single-
quantum photoionization. With this in-
terpretation, the results of our studies of
multiquantum ionization simply indicate
a nonlinear analog of this basic electron-
ic mechanism. :

In principle, the response of an atom
to a pulsed external field with an ampli-
tude approaching an atomic unit, if cal-
culated with full rigor in the framework
of a time-dependent many-body theory,
would present the possibility of a nearly
unbounded level of complication. There-
fore, in order to advance our understand-
ing of this problem, we must find a
simpler approximate form of analysis.
An appropriately formulated treatment
that correctly represents the basic nature
of electronic motions, however, should
be able to describe qualitatively the prin-
cipal characteristics of the experimental
observations. These include the basic
coupling strength and resulting energy
transfer rate, the shell effects, the origin
of the strong nonlinearity, the frequency
characteristics, and the ability to pro-
duce atomic inner-shell excitation.

In order to achieve that goal, we can
contemplate a relatively simple model (8,
9) that is valid at sufficiently high intensi-
ty. In this case, we imagine an atom
composed of two parts: an outer shell of
electrons (a) driven in coherent oscilla-
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Fig. 4 (left). Collision-free ion time-of-flight spectrum of Xe produced by 193-nm irradiation at
an intensity of about 10'* W/cm? with pulses having a duration of about S psec. The distortion of
the charge-state peaks is caused by the natunally occurring isotopic distribution of Xe. The

charge states of the Xe** species observed are indicated.

Fig. 5 (right). Data concerning the

multiple ionization of atoms produced by irradiation at 193 nm: plot of total ionization energics
of the observed charge states as a function of atomic aumber Z. The coincidence of an H,0*
background signal prevented the I’* species from being positively identified.
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tion by the radiative field, and a remain-

ing atomic core (b) for which direct cou-’

pling to the radiation field is neglected
(Fig. 8). In this picture, coupling be-
tween these two systems can occur,
since the outer electrons could, through
inelastic *‘collisions,"’ transfer energy to
the core. Simple estimates (9) indicate
that, for intensities corresponding to an
electric field E » e/a}, enormous oscil-
lating atomic current densities j on the
scale of 10" to 10" A/em? could be
temporarily established in the outer re-
gions of the atom. For ultraviolet radia-
tion under these conditions, the e¢lec-
trons in the outer atomic shell can be
accelerated to mean kinetic cnergies
considerably higher than 10 KeV, a val-
ue far above their respective binding
energies (9). Furthermore, in the limit of
high intensity, it is possible to formulate
an estimate of the coupling of the coher-
ently driven outer electrons with the
remaining atomic core by relatively sim-
ple procedures. This is now done at two
levels of approximation, initially with the
neglect of the influence of the coherence
characterizing the motion of the outer
electrons and, subsequently, with its in-
clusion.

An estimate can now be furnished
based simply on the magnitude of the
ambient current density j. Since the elec-
tron kinetic energies are considerably
higher than their corresponding binding
energies, it is possible to use a first-order
Born approximation (26) in a manner
similar to that used to study electron
collisions for K- and L-shell ionization
(27) and shell-specific ionization pro-
cesses in highly charged ions (28). In-
deed, in the case of Xe ions, measured
cross sections for electron impact ioniza-
tion are available (29).

In this elementary classical picture (9),
the transition rate R can be written as

R =g, )

in which e is the electronic charge and
a, is the cross section characterizing the
excitation of the atomic core by inelastic
electron collisions arising from the cur-
rent density j. If j = 10" A/cm? and
e, =10"" cm? then R =6 x 10"
sec™'. Furthermore, if the radiatively
driven current density j is damped by
electron emission in a time ¥ on the order
of about 107" seconds, which is an
approximate time scale characterizing
autoionization, then the overall transi-
tion probability P = Rt = 6 x 1072, in-
dicating a significant probability of ener-
gy transfer.

The characterization of the outer-shell
motion as a simple current density j,
however, does not take into account the
fact that the electronic motions are gen-
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erated through interaction with a coher-
ent wave. It is expected that the coher-
ence associated with the motions of the
outer-shell electrons induced by intense
irradiation will have important conse-
quences (30) for the coupling of energy
to atomic inner shells that were ignored
in the simple estimate given above. The
influence of this type of coherent atomic
motion is now described in relation
10 certain properties (3/) of encrgetic
(510 MeV/amu) atom-atom collisions.

The role of coherence in the motion of
the outer electrons in the excitation of
the core is readily described in terms of
energetic atom-atom (A-B) collisions. In
this comparison (30), a correspondence
is established, as shown in Fig. 8, be-
tween the scattering of the coherently
driven outer electrons (a) from the atom-
ic core (b) and the respective interaction
of the electrons in the projectile atom A
with the target atom B. Consider the
process

A + B(0)=% A + B*(n) 4)

in which A is a ground-state neutral atom
with atomic number Z, and B*(n) repre-
sents an electronically excited configura-
tion of the target system with quantum
numbers collectively represented by (n).
In the plane-wave Born approximation
(PWBA), the cross section 0,4 can be
written in the form presented by Briggs

and Taulbjerg (37) as
o = 8we!
e

r iy (K)P (12, — jZw; < d

dK
expliK - s,) 16f > 1P © )
in which

EyK) = I drabts(rg)exp(iK « rp)dos(rs)
(6)

In Eqs. 5 and 6, e is the clectron charge;
Z, is the atomic number of the projectile
atom; v is the relative atom-atom veloci-
ty; ¢/ are orthonormal spin orbitals rep-
resenting the electrons on the projectile
atom with spatial coordinate s,; w;is the
statistical weight of the shell; K is the
momentum transfer in the collision; and
VYos and ¥,.p represent the clectron wave
functions of the target system as a func-
tion of the spatial variable 7. The sum-
malion over the index j appearing in Eq.
S extends over all occupied orbitals so
that, in the limit K — 0, the summation
tends to the number of electrons N,
associated with the projectile atom (31).
In the low-momentum transfer limit, in
which complete screening occurs, the
amplitudes of the electrons combine co-

e et ot a® . e e Lt
ORI - P
L SN -

Xe(2Y)

=X

o
s10100 ©

0.3 c.8 1
Electron energy (oV)

herently, and the contribution to the
cross section o, arising from the motion
of the electrons in atom A is increased by
a factor of N} over that of a single
electron at the same collision velocity v.
Equivalently, for sufficiently low mo-
mentum transfer such that Kay < &, the
electron cloud acts as a coherent scatter-
ing center with a mass Nym,, a charge
Nae = Z,e, a velocity v, and a kinetic
energy Na(172 mo?). Significantly, be-
cause of the coherence, the single-parti-
cle energies (12 m.v?) add so that, in
principle, this value could be below the
magnitude required to produce the exci-
tation of the target atom B.

In sufficiently high field strengths, it
appears that coherently accelerated elec-

Fig. 7. Prominent transitions
observed in the electron spec-
trum of Xe irradiated at 193
nm and approximately 10%
W/cm?. Both continuum-con-
tinuum (4y —» Xegn, Xe;n) and
tentatively assigned Auger
(N4s00) features are apparent.
The splittings between the three
NN pairs, two of which are
shown by horizontal arrows,
have the common value of
about 2 eV, which is the known
4dsn, 0 4dy, separation in Xe.
The vertical arrows indicate the
high-energy edges of the ob-
served features that represent
the true energics of the lines.
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Fig. 6. Ovenall time-
offlight  photoclec-
tron spectrum for Xe
from approximately
0.1t0 100 eV. The un-
certainty in the inten-

Xe(sy) sity scale is xi-
mately a factor of 2.
Iradiation was at 193

::3?.'3‘5 nm with a pulse dura-
tion of about S psec
and a lens with a focal

distance of 20.5 cm.
Electron lines origi-
nating from Xe and
* Xe* arising from two
K 2y and three 3y and
& 4y processes are indi-
s cated along with a
group tentatively as-
signed as Auger fea-
tures.

trons in outer atomic shells (a) can inter-
act with the remaining atomic core sys-
tem (b) in a manner closely analogous
to the atom-atom scattering described
above. If a PWBA description is used,
the cross section representing encrgy
transfer can be written by inspection
from Eq. 5 with Z, = 0. The basic physi-
cal concepts are simply represented in
the high field limit (E » e/a}), a regime in
which the driven electronic velocities
correspond approximately to those char-
acteristic of atom-atom collisions at a
collision energy of approximately 10 Me-
V/amu. Therefore, the motion of these
clectrons can simulate the electronic col-
lisional environment that would occur in
fast atom-atom encounters but with the
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» 'mipomﬁt absence of the nuclear contri-
bution arising from the Z, term in Eq. 5.
* In order to see how this mechanism
would scale with the basic physical pa-
rameters involved, we can now estimate
the contribution of o, for inner-shell
excitation arising from coherently excit-
ed atomic shells. For this, Eq. $ is taken
with Z, = 0 and K., restricted to
Shaq to fulfill the condition for com-
plete shielding. Further, Z, can be taken
to denote the number of electrons in the
outer shells and Eq. 6 expanded for
€%(K) in the customary fashion, so that
only the leading dipole term x,, is re-
tained. Finally, for a core excitation en-
. ergy AE we put K, = AE/v, which is
the condition that holds for AE much less
than the collision energy. With these
modifications the full coherent piece of,
can be written as

_ &' 2} r" dk

U&. 2 s K (7)
a result that, with the exception of the
restriction on . and the Z} factor, is
exactly the forv:: of the well-known result
for inelastic sc-ttering of electrons on
atoms developed by Bethe (32). The final
result, valid for

v\ [m.?
Q) o
is

o -sre{ 5] 2 o) 55 )|

9
in which a is the fine-structure constant.
Obviously, all types of possible excit-
ed configurations cannot fully benefit
from this type of coherent motion,
regardless of the field strengths used.
Indeed, the limitation can be estimated
from Eq. 8. At sufficiently high intensity
in the limit v — ¢, the maximum value of
AE .. is given by

AEpe, ~ am =3T3 KeV  (10)

The physical picture presented above
also enables a statement conceming the
frequency of irradiation w to be formulat-
ed. For the excitation of inner-shell
states in the kilovolt range by the quasi-
free coherently driven motion of outer-

Core (b)

Fig. 8. Approximate correspondence between
{top) A-B atom-atom collision at relative ve-
locity v and (bottom) coherent relative motion
of outer-shell electrons (a) with respect to
core (b). For simplicity, the electrons in the
bottom half of the figure are depicted as
undistorted, mutually displaced charge distri-
butions moving with relative velocity v. The
nuclear charges of the projectile and target
systems, Z, and Z,, respectively, are denoted
in the atom-atom collisions.

sired kilovolt range. With the neglect of
relativistic corrections, the electron en-
ergy can be expressed as

€ = 12mv? 12)

with the quantity v, representing the
velocity of induced electronic motion.
For a free electron, the maximum value
of v., commonly known as the quiver
velocity, is given by
eE
Ve ew 13)
for a field with angular frequency w (33).
For stated values of E and ¢, that fulfill
the assumptions of the model, a frequen-
cy scale generally characteristic of those
physical conditions is now defined by
combination of Egs. 11, 12, and 13. If we
take E = 3E, to satisfy Eq. 11 and

agreement with this conclusion because,
as shown by the ion charge-state studies
described above, the observed energy
transfer rates for infrared and visible
radiation were reduced with respect to
those characteristic of the ultraviolet
range.

This simple model can also be used to
estimate the threshold condition for 4d
vacancy production in Xe. Although
these initial results (/8) do not constitute
a proof of the mechanism involved, it is
simply observed that energy transfer
from coherently driven valence-shell
electrons could produce such inner-shell
excitation. Furthermore, with the model
presented above, along with consider-
ation of the known (29) inelastic electron
scattering cross sections for Xe ions, an
estimate can be made of the intensity at
which such Auger lines should appear.
Inclastic scattering studies (29) show
that the 44 excitation in Xe has a thresh-
old at about 67.6 ¢V that is closely
followed by a broad maximum at about
100 eV. If the motion of the N, outer
electrons in Xe is approximated as that
of free electrons, the maximum clectron-
ic kinetic energy ¢, can be written, in a
form that reexpresses Eq. 12, as

€ = (1.79 x 1070 (15)

with units of electron volts for e,
micrometers for A, and watts per square
centimeter for I. The 4d threshold at
approximately 67.6 ¢V corresponds to an
intensity / for single-electron motion of
about 10'® W/cm?, a value somewhat
above that used in the actual experimen-

-tal studies (18, 21) for photoelectron pro-

duction. However, if the picture of the
coherent motion is valid, the single-parti-
cle energy can be reduced, for a fixed
threshold requirement, by a factor of Z,,
which is the number of electrons partici-
pating in the coherent outer-shell mo-
tion. For Xe, previous ion studies (6, 8,
9), data from which are shown in Fig. 4,
indicated that Z, = 8 is a reasonable
value, which is the total number of elec-
trons in the n = 5 shell (55*5p%). This
reduces the threshold intensity for 4d
vacancy production to approximately
1.2 x 10" Wicm?, a value quite close to
that (~10"* W/cm?) corresponding to the
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€ ~ 10° eV as reasonable values, then

shell electrons, two basic assumptions
are involved. The first, as noted above,

experimental appearance of the electron
lines presumed to arise from Auger de-

Sl
.
*
v

concerns the field strength E such that © = 30a’= (14) cay shown in Figs. 6 and 7. XS

" the condition ke e
which is a frequency that corresponds to rod

. . E» E = ela} (D 4n ultraviolet wavelength of approxi- Conclusions 2
- holds, enabling the electrons to be re- mately 200 nm. With this result, we are ow
. garded as approximately free. The sec- led to the conclusion that ultraviolet Basic physical studies of collision-free
S. ond consideration involves the energy wavelengths naturally match the physi- nonlinear atomic processes, through an '.
. scale of the motion, ¢, whichin thiscase  cal conditions characteristic of the co- analysis involving combined measure- .

k) is taken to be sufficiently great (o excite  herent atomic motions envisaged in this ments of ion charge-state distributions, "oy
_ readily the inner-shell states in the de-  description. Experimental results are in  photoelectron energy spectra, and pho- - L
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tonspectra arising from intense ultravio-
let irradiation, have produced data that
strongly indicate that multielectron at-
oms respond in a manner fundamentally
different from single-electron counter-
parts. The confluence of the evidence
suggests that, under appropniate circum-
stances, the outer atomic subshells can
be driven in coherent oscillation, and
this ordered electronic motion can, by
direct intra-atomic coupling, lead to the
rapid excitation of atomic inner-shell
states. Quantum mechanically, such
states of motion for the outer-shell elec-
s would be described by multiply
«icited coufigurations. Two direct con-
sequences of this type of motion are (i)
that the maximnum magnitude of the os-
cillating intra-atomic electric field can
approach sevecal atomic units, since the
fields of all the participating outer elec-
trons combine constructively, and (ii)
that the harmonic content of the result-
ing field can, because of the nonlinear
character of the electron-clectron 1/72
conlombic interaction, become large. A
sirong, highly nonlinear intershell cou-
nling results, and enhanced rates of non-
lincar absoption are expected.

An elementary atomic model, formu-
lated to take advantage of certain simpli-
fications that appear to be characteristic
of the high-intensity regime (E » e/ad),
has enabled qualitative comparisons to
ve made among several of the most
prominent  experimentally observed
oroperties. Although this representation
is only at the hypothetical stage, the five
points of contact are (i) the basic cou-
pling strength, (i) the shell effects, (iii)
the origin ot the strong nonlinearity, (iv)
the frequency characteristics, and (v) the
ability to produce atomic inner-shell ex-
citation. This general, although approxi-
mate, form of analysis has additional
value, since it enables us to estimate the
response of atoms throughout the peri-
odic table and thereby provides a set of
testable hypotheses for comparison with
future experiments. It is important to
add that, since the original preparation of
this article, results obtained by much
more quantitative calculations (34) in-
volving the time-dependent Hartree-
Fock method basically confirm the fun-
damental character of atomic motion
(represented as the analogy with fast
atom-atom collisions) even for field
strengths approaching Ey (22, 30) and
provide remarkable quantitative agree-
ment as well. For the latter, the intensity
levels at which 4d Auger electrons
should be observable in Xe correspond,
within a factor of approximately 2, for
both theoretical approaches. These re-

27 SEPTEMBER 198

.‘.

—————

-24-

sults are also in accord with experimen-
1al figures (18) to within the same rather
small level of uncertainty.

An atom in a radiative field whose
amplitude is significantly greater than an
atomic unit experiences a violent pertur-
bation that has important features in
common with certain well-studied colli-
sional phenomena, such as ion-atom col-
lisions, electron-ion collisions, and
beam-foil interactions (35). Indeed, in
the case of beam-foil collisions, a radia-
tive environment at an inteasity of
3 x 10'* W/cm? and an ultraviolet wave-
length approximates (22), in several im-
portant respects, the conditions associat-
ed with the passage of an Ar ion through
a carbon foil with a kinetic energy of
about 1 GeV. This similarity leads to the
concept (36) of an ““optical solid,” in
which stationary atoms in a sufficiently
intense radiative field will experience an
interaction comparable to that of ener-
getic ions traversing solid matter. The
consequence is an extreme level of exci-
tation on the scale required to establish
the conditions needed to produce stimu-
lated emission in the kilovolt range. In
addition, the coherence of the radiative
environment can act to introduce a mea-
sure of control on the energy transfer
that will enable considerable selectivity
in the energy flow to be achieved. If this
speculative hypothesis survives, a syn-
thesis of many areas of atomic physics
and an unexpected nexus between the
original research concerning coherent x-
ray production and nonlinear processes
may result.
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Atomic Inner-Shell Excitation Induced by Coherent Motion of Outer-Shell Electrons

‘ K. Boyer and C. K. Rhodes
Depactment of Physics. University of lllinois at Chicago, Chicago, lllinois 60680
(Received 28 January 1985)

Outer-shell electrons coherently driven by intense radiation can transfer energy in a direct intra-
atomic process to inner-shell excitations. Provided that the effective momentum transfer Aq is suf-
ficiently low (Aq <#/a,), the amplitudes governing the coupling of the outer electrons to the
atomic core constructively sum. The effective cross section, which can be related to fast atom-stom
collisions ( > 10 MeV/u), is evaluated in a limiting form closely resembling the Bethe result for

inelastic electron scattering (rom atoms.

PACS numbers: 32.80.—t, 34.50.Fa, 34.80.—i

Recent experiments'-? examining the nature of mul-
tiquanium ionization of atoms in intense ultraviolet
fields have exhibited several anomalous characteris-
tics. Among them are (1) reactions of unexpectedly
high order, involving as many as 99 photons, and (2) a
clear statement, from the atomic-number dependence,
that ihe shell structure of the atom is the main deter-
minant of the strength of the interaction. All the con-
spicuous characteristics of the experimental findings
could be consolidated by that single principle. From
the standpoint of this Letter, the main implication of
these results? is that, at a sufficiently high intensity,
the electrons in the outer atomic shells can be
coherently driven by the incident wave to produce ex-
tremely high localized current densities j on the order
of 10M< j=< 10" A/cml. A multiclectron atom un-
dergoing a nonlinear interaction of this type responds
in a fundamentally different fashion from that of a
single-electron atom. It is expected that this ordered
motion, which represents a very high level of atomic
excitaiion corresponding quantum mechanically to a
multinly excited configuration in which all the elec-
tron: in a shell are in excited orbitals, would have a
lifetivn: v given approximately by that characteristic of
autoionization. This would place the lifetime in the
range of 10~ 1= 1 =10~ sec, a time scale approxi-
mately comparable to the period of the ultraviolet fre-
quencies used in the studies of ionization."? In con-
sideration of the outermost shells, an ultraviolet elec-
tric field strength £ on the order of an atomic unit
Eqy= e/ad is the regime in which the envisaged motion
is expected to become an important factor in the
dynamics. This corresponds to an electromagnetic in-
tensity /o~ 7% 10'* W/cm?,

The coherent oscillation of the electrons in outer
atomic shells induced by irradiation at ultraviolet fre-
quencies at intensities /> /o, has important conse-
quences for the coupling of energy 1o atomic inner
shells. Moreover, as described below, the influence of
this type of atomic motion can be related to certain
characteristics’ of high-energy ( > 10 MeV/u) atom-

atom collisions. At sufficiently high intensity, a rela-
tively simple physical model can be envisaged which il-
lustrates these effects. For simplicity, consider an in-
tensity above ~ 10!* W/cm?, for which the peak elec-
tric field is more than ten times e/a, so that loosely
bound outer electrons can be approximately modeled
as completely free particles. Therefore, for those elec-
trons, we can represent their motion as that of free
electrons accelerating in intense coherent fields.** In
this limiting case, we imagine that the atom is com-
posed of two parts: (a) an outer shell of electrons
driven in coherent oscillation by the radiative field,
and (b) a remaining atomic core for which direct
coupling to the radiation field is neglected. Coupling
between these two systems can occur, since the outer
electrons can, through inelastic *‘collisions,” lead to
the production of electronically excited core states.
Indeed, since the outer electrons could acquire rela-
tivistic velocities at intensities on the order of 103!
W/cmi, the production of electron-positron pairs by an
intra-atomic process analogous to the well-known tri-
dent graph®? becomes possible.

The role of coherence in the motion of the outer
electrons in the excitation of the core is readily
described by appeal to descriptions of energetic atom-
atom (A4/B) collisions. In this comparison, a
correspondence is established between the scattering
of the coherently radiatively driven outer electrons
from the atomic core and the respective interaction of
the electrons in the projectile atom A with the target
atom B. Consider the process

A+B(0)— A +B(n) m

in which 4 is a ground-state neutral atom with atomic
number Z, and B*(n) represents an electronically ex-
cited configuration of the target system with quantum
numbers collectively represented by (a). In the
plane-wave Born approximation, the cross section o4
can be written in the form presented by Briggs and
Taulbjerg’ as
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A’ 1]
7 o= (87e’ "l)fx led
in which
eA4(K) = [drdoia(es)expliK -5)00alrs). (3)

In expressions (2) and (3), v is the relative atom-atom
velocity, the ¢,‘ are orthonormal spin orbitals rep-
resenting the electrons on the projectile atom. w; is
the statistical weight of the shell, K is the momentum
transfer in the collision, and $oz and ¥ .5 represent the
electron wave functions of the target system. The
summation over the index j appearing in Eq. (2) ex-
tends over all occupied orbitals so that in the limit
K— 0, the summation tends to the number of elec-
trons N, associated with the projectile atom.’ Since
N, = 2Z, for a neutral atom, complele screeningJ oc-
curs in the low-momentum-transfer limit and the nu-
clear and electronic contributions cancel exactly.
Therefore, in this limit, the amplitudes of the elec-
trons combine coherently and the contribution to the
cross section o, arising from the motion of the elec-
trons in atom A is increased by a factor of N7 over that
of a single electron at the same collision velocity v.
Alternatively, for sufficiently low momentum transfer
such that Kag<<#, the electron cloud acts as a
coherent scattering center with a mass N, m,, a charge
Nje=2Z,e, a velocity v, and a Kkinelic energy
N,(3m,v?). Significantly, on account of the coher-
ence, the single-particle energies (3 m,v?) add so that,
in principle, this value could be below the magnilude
required to produce the excitation of the target atom
8.

In sufficiently high-field strengths, coherently ac-
celerated electrons in outer atomic shells can interact
with the remaining atomic core system in a manner
closely analogous to the atom-atom scattering de-
scribed above. If a plane-wave Born-approximation
description is used, the cross section representing en-
ergy transfer can be derived directly from expression
(2) with Z,=0. We now describe an example illus-
trating the circumstances under which this may occur.
Since the basic physical concepts can be very simply
represented in the high-field limit (£ >> E,), we con-
sider a peak electric field strength £ ~ 0.5% 10'? V/cm
so that an electron acquires an energy of ~ 10 keV in
a distance comparable to an atomic dimension (~ 2
A). At this field strength, which corresponds to an in-
tensity of ~ 3x 10 W/cm?, the electron accelerates
to the 10-keV energy in a time which is approximately
1% of an optical cycle for an ultraviolet wave length of
~ 200 nm, a condition consistent with the validity of
the assumption of a constant field strength for ac-
celerations on the scale of atomic dimensions. The
resulting velocity of ~ 8x 10° cm/sec corresponds, for
atom-atom collisions, 10 a collision energy of —~ 20

(KIWMIZ, - 3,,0/(8]lexpliK -5,) |6/) K/ K? )

J MeV/u. Therefore, the motion of these electrons
simulates the elecironic collisional environment that
would occur in fast atom-atom encounters, but with
the important absence of the nuclear contribution aris-
ing from the Z, term in expression {2). In this case.
no shielding is present in the low-momentum-transfer
limit.

It is now possible to estimate the contribution 10 o,
for an inner-shell excitation arising from coherently
excited atomic shells. For this we 1ake expression (2)
with Z, =0 and restrict K ,,, 10 <#/ay, to fulfill the
condition for full shiclding which, for this situation,
corresponds (o totally conztructive interference of the
clectron amplitudes. We further take Z; to denote the
number of electrons in the outer shells and expand Eq.
(2) for €2(K) in the customary fashion so that only
the leading dipole term xp, is retained. Finally, for a
core excitation energy AE we put Kpia=AE/v, the
condition that holds for AE much less than the col-
lision energy. With these modifications, the coherent
piece o§, can be written as

8we'xd 2t J"/‘o dK
vi? Aty K

a result which, with the exception of the restriction on
K sx and the Z{ factor, is exactly the form of the
well-known result for inelastic scattering of electrons
on atoms developed by Bethe.? The final result, valid

)

Ofa=

?
v m,c
~alc]l AEI)I. (5)
c ? m,C
v
05.=81ra1(;l Zixdn a‘? l «;E 6)
in which a is the fine-structure constant. For the ex-

ample considered, the restriction on the logarithmic
factor limits A £ to a maximum value of approximately
1 keV, an energy corresponding to the region near the
M edge of xenon.? a case which serves as a suitable
numerical example. If we take the charge radius'® of
the M shell of xenon as the scale for xp,, then
Xos ~— 0.2a¢, and if we assume that Z, = 18, accounting
for the three outermost xenon shells (5p%55244'0),
then the resulting cross section is on the order of
0§, ~T1%x10-" cm? with the weakly varying loga-
tithmic term taken as a factor of O(1). This value is
somewhat greater than the total photon cross sec-
tion'"'? in the region near the M edge of xenon.
Furthermore, since expression (4) respects dipole
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selection rules, considerable state selectivity is present
as only odd-parity excited core levels would be pro-
duced.

The upper limit in the integral in expression (4) can
be extended 10 Ky, =2Z,m,v if appropriate pro-
jectile-atom wave functions ;' are used. This pro-
cedure produces a final cross section oy, with a magni-
tude of the same scale as that represented by Eq. (6),
but with a somewhat different detailed dependence on
v and AE This refinement leaves the principal con-
clusion unchanged. .

The coherent interaction described above can be
viewed as a form of dynamic configuration interaction
in which the fields of the participating electrons sum
constructively. Constructive addition naturally results
if the scale of the momentum transfer Ag communi-
cated in the interaction is sufficiently small so that the
length A/Aq is greater than the spatial scale of the
scattering system. The physical origin of this effect is
the same as that which generates the coherent forward
scattering!? observed in nuclear collisions.'4

Obviously, all types of possible excited configura-
tions cannot fully benefit from this type of coherent
motion regardiess of the field strengths used. For ex-
ample, the coherence is unimportant in the amplitude
for intra-atomic electron-positron pair production by
the trident diagram shown in Fig. 1, since the momen-
tum transfer Aq associated with the propagator for pair
production in this interaction is such that

K/aq ~% << ay. (N

Indeed, from Eq. (5), at sufficiently high intensity in
the limit v— ¢, the maximum value of A £, is given
by

AE pu~ am,c?=3.73 keV. ®)

Therefore, the cross section® for pair production in the
field of a nucleus is easily shown to be

o,=(28/217)Z,(Za)*rd (iny)? 9)

Ze

FIG. ). Trident graph representing electron-positron pair
production by collision on an energetic electron with a fixed
center of charge Ze.

-

in which rq is the classical radius of the electron and ¥
is the customary relativistic factor

y=l1=(v/c)}-V2 (10)

At sufficiently high intensity (> 10! W/em?), for
Zy=50 and Z,=90, and with y=S$, o,=2x10"
cm?, a value that would, under reasonable experimen-
tal conditions with an ultraviolet laser of 1-10-J output
and ~ 100-fs pulse length, make possible the genera-
tion of ~ 100 pairs/puise by this mechanism.

Coherently driven motions in outer clectron shells
can generate an enhanced intra-atomic coupling for the
excitation of inner shells. The interaction, which can
be viewed alternatively as a form of configuration in-
teraction or electron scattering, has, on account of the
constructive addition of amplitudes, a cross section
which scales as the square of the number (Z;) of
outer electrons participating in the motion. A strong
and highly nonlinear coupling arises as a direct conse-
quence. Coherent motions of this type should enable
the selective excitation of atomic inner-shell states in
the kiloelectronvolt energy range to be produced by in-
tense irradiation of atoms at ultraviolet wave lengths.
The physical nature of this process of intra-atomic en-
ergy transfer bears a direct relationship with energetic
atom-atom collisions. Similar conclusions can be
reached by alternative theoretical approaches, such as
those involving the time dependent Hartree-Fock
method. "’
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BY OUTER-SHELL ELECTRONS*.
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ABSTRACT L

An analysis 1s preéented which shows that atomic fnner-shell states can
be.strongly excited by outer-shell electrons driven coherently at ultraviolet
frequencies. .A semi-quantitative analysis, based on the time-dependent
Hartree-Fock method, is formulated to 1lustrate the basic character of this
extremely nonlinear inter-shell coupling. The results indicate that a
substantial fraction of the absorbed energy c2n be channeled into inner-shel) .
- ) - . (WA
excitation. o ~ o
2
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Recent experimental studies' ™3 on the nonlinear coupling of intense
sitra-violet radiation to atoms have indicated that it may be possible to
excite atomic inner-shell levels through radiatively driven 9otions in _.
outer-shells. Specifically, it has been suggested"s that the outer-shell
motions that could produce a substantial amplitude for inner-shell excitation
are those involving ordered cohérent motions of the outer electrons.

An approximate analysis of inner-shell excitations. based on an analogy
with atomic interactions in energetic (v/c ~ 1/10) atom-atom
collisions.6'7 has recently been presented. That result, which is valid for
very strong incident fields that give rise to comparable electronic

velocities, is stated in a form resembling the well known cross section for

inelastic scattering of electrons by atons.a Closely related phenonenasinvoléfqé'

- multiphoton excitation, and the jonization of many-electron atoms in strong

electromagnetic fields have.been formally treatélon the basis of
time-dependent Hartree Fock (TOHF) theory.9 This communication” extends that
theory to describe inner-shell excitation. Spéiitically. we show that
assuming coherent (collective) nonlinear motion of an electronic (outer-)
shell produced by interaction with an external driving field, both the
probability for excitation of inner-shell electrons and the quantum state
specificity can be estimated. o

In the following we give a simplified derivation of the theory using

neutral xenon as an example. The n = 5 shell (SszSns) of xenon will be

. designated as the outer-shell, and fts 44" shell, to which it is closely

couplea,‘°‘12 ui]l be denoted as the 1nner;sheli. TheAreuaiding strongly

_ bound electrons that form the [ir]:- 1ike core will be -treated as an

equiyaleht'potent!al. In thg'Touf formalism, the -any-ony wvave function

) describing,fhe outer- and'thé-jnnér-shelléiis restricted to be an
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antisymsetrized product of single electron orbitals, a single Slater

determinant of the form,

- K -
=3 (-1)P r
'TDHF 1 (- n 'i(rp(‘l)'t) )

[ i=
in which p is a permutation of the indices. § of the K (= 18) electrons. The
single particle wave functions satisfy equations which are, in the dipole

approximation with the neglect of spi'n—orbit and other relativistic effects,

3y (r.t) 2 5 - - - = -
i —— [’gi Vi V(r) + V(F.) + VA (F.0)- er-E(t)]vi(r.t) : iy

In these equations, the laser field {s assumed to be a nearly nonochromatic

classical field, given by

£(t) = 'fo(t) coswt, (3)

and the self-consistent Coulomb V. and exchange v:?\ potentials Ave. . g

de_fined. in the local density épprox‘lmation.w by

_ . I _ K I
v.(r.t) '-,[ dr’ ——— a(r,t) ; w(r,t) = I le(r.t)l (4)
A £ Ir-r’) =1
: LDA o ';73; 3 _ , — o ) o . ;i;%,
N - T PO Ge@) s
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. In which Exc(n(r)) is the exchange energy of the uniform electron gas with
the same tiensity. In Eq. V above, V(r) is the potel;tial produced by the fontc
(Xr] - 1ike core. In principle, these equations are nonlinear in the applied
el.ectronagnetic f.ie‘ld. )

We observe that the incident electromagentic field has a slowly varying

envelope, which means that both-its amplitude Eo(t) and its frequency o
remain approximately constant over many l1ight periods. Thus, the Hamiltonian,

-

€q. 2, is almost periodic with period T = (2«/w) and {ts corresponding

14-16 In

stationary states satisfy the quantum mechanical Floquet theorem.
particular, in the TOHF approximation the single electron wave functions do so

individually: thus

v;(F.1) = exp(-iQt) o3(F ) oy(T.t + T) = oy(r.t) (6)

in which Qi are the Floquet exponents -with:..corresponding quasi-energies
given by Ry . The periodic functions o3 can be expanded in a time-

dependent Fourier series as

i (Fot) = Tog (Flexp(-inat) ,
fn

a form which clearly shows that * depends on time as a sum of

DHF
exponential terms

. K -
exp ~i( o i nw)t with n an integer.
1= B

We now introudce an important approximation and adopt: a 'fsﬁéll m'»del‘

which separates the treatment of the outer-shell electrons from tiuose.o'f the




fnner-shell. It will be assumed that in the first approximation the Adlo

tj inner-shell electrons remain frozen in their ground state. It then follows
" i that the TDHF Eqs. 1-5 have to be written for K = 8 with the inner—shell

i elzcirons counted as core electrons. We know that for a weak incident field
L . this is a good approximation in xenon from detailed calculations using 1inear
-'~ response theory.”'"8 {Note: Thi; calculation was performed by C. Cerjan

at (2 Lawrence Livermore National Laboratory using the computor program
kind ly provided by 0. Liberman.'?)

The response of the inner-shell will now be treated by perturbation
theory. In this analysis, the potentials Vc. ch in Eq. 4 and Eq._ 5 are

calculated using only the outer-shell wave functions and are represented as an

external potential U given by

U (R = V(P - ereE() + V(T + VAR (8)

This potential can be Fourier analyied.‘in't’ili\e as

ur.t) = I u"(F)cos(k..t +o) . | (9)
k=1 ~ :

It is important to note that in the TOHF analysis the Floquet exponent
disappears; the time dependence comes directly from the various components ES
€q. 7. In particular, if v"' has large l_fourier components for indices -

. ’ ’ \ ‘ toe V
n= .0 and M; Vc and ch have correspondingly large Fourier components for

integral indices occurring between -M and #M. Therefore; this potentfal ' _
will cause transitions in the .ihne}-khélfl. wheri the excitition energy E | |
satisfies the condition € = nke for n _<_'H. The:resulting transition
- t:at?,- from perturbation theory, fis | '

''''''''''''''




st rEmLT.
B
.

-36~

W(E) = 22 15 (E)1%8(E - nh) (10)

in which the transition amplitude, $,(6) is calculated below.

Lzt us denote the inner-shell matrix elements of llk by

" _ _ _ - :

U';J. = /drdj(r) |u"(r)|!‘(r)> . (M)
~_ K

in which ¥ Sre a complete set of properly antisymmetric Hartree-Fock

wavefuiictions for the inner-shell, including levels in the continuum, with r

symbolizes all inner-shell coordinates. 1In nth order perturbation theory we

obtain

- i “iE )
s()y=u" s+ § g1t _
ot k.|+k2=n i B B~ Kyho

1 1 1 .
- U .. Ugee..U_o [n terms
vior I Erhan -:E)[ EEE a2y
$,J...5s YNi o (j B .’"(s r-'") D )

with the summations denoting the customary sum over bound levels and integral over
‘c;nti‘nuum states. In general, all orders in this expression must be retained,
since the terms U'F are of kth order in the external field and, consequently, all
terms are of n'" order overall. Furthermore, it is clear by inspection that the
first term c§rresponds to "i_nternal nth order harmonic generation® while the

last one cor&sts to "lowest order pertin'bat.ion theory” with the%extemi‘l

field screened by the outer electron motion. -In perturbation theory,

k

consecutive orders of U are related by
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k k-] ' 1
v/ ? = ’osE/AEost ~ a3) |

fn which.uos fs a typical outer-shéll dipole matrix eieuenth and ‘Eos

is an energy scale characterising outer-shell excitétious. ;%herefore.
transition amplitudes in consecutive orders are related approximately by
AEOSI(E‘-Ej—kﬁo). Since inner-shell energy spacings are typically

larger than those in the outer-shell, consecutive orders in the perturbation
treatment are generally diminishing except in cases .- possibly involving
intermediate resonances. It is significant to note that, if there is an
intermediate resonance at kfw, a large dipole moment can be produced at

that harmonic frequency.

The behavior of the single electron wave functions of the outer-shell,
vi(r.t). are now investiga;ed. Since we are interested in the behavior of
the atom in a nearly monochromatic field that 15,%p§t§§&\.adiabatically. we
seek the solution of the TOHF equations (Eqs. l-;,~K = Y that correlates
adiabatically to the 552595.150 ground state. For ;eak fields and

sufficiently low frequencies, the response of each electron is similar to th:

of an harmonic oscillator with a~resonance energy equal to that of the first

excited state LR (8 -9 eV in xenon).20 Therefore, the perturbation

'parameter, as:given in'Eq: 13, is

.2 2
g =) ¥osto . 1f(°)E o (oo RYS)
S TA e, 22

i which a(w) ‘is the de?sqred atouic:polarizébility_(per electron), ‘a

quantity which can also be calculated by )inear response theory with a self-

.......

C A

......

R

A "- '\'.‘D; 3 _‘_f. P,
a5

-

”

~u
"'..

W

’--'i
o
)

|
B L
[l

e
D

ad
(s

.
ol el S

DEIRCIN
PSR
A A
. L, et T Y
s o e of o] d

-

S "
3 ’4"‘11

L]

) ..

] Y

l .
.
5

.'L::'n. i ' :n..




- e 78RN - -
: '

-38-

consistent ;mtcmtial.""8 In rea)ity,houever. the potential is anaaruonic.
Therefore, the harmonic oscillator model must be used with caution, since a
single excited electron ionizes if.it gets excited above the 1;nization
potential V. In xenon those values of V, are 12.13 eV and 13.44 eV for
the J = 3/2 and J = 1/2 states of Xe+, respectively. For simplicity, in the
following we ignore possible complications arising from autonionizing
resonances. Considering the foru'6} the wave functions in the presence of the
field as given by £q. 6 and Eq. 7, we can see that {f ﬁ(Qi + M) > Vo. ,? (r)
is a continuum wave function. Hdwever. we note that this relation has to be
modified in strong fields, as discussed both below and in Ref. 21. v

The atomic behavior in strong fields is now discussed. 1In anfa;rmonic
oscillator mo@e],the amplitudes_|92|2 are proportional to g" forl
B << 1, the standard perturbation theory result. Therefore, in this regime,
a probability of ijonization in accordance with lowest order perturbation
theory_is obtained. For sufficiently strong field: B > 1, the higher
harmonic components acquire large magnitudes, the sg}f—consistent potential
becomes appreciably modified, and the ionization of the lowest 9? - ST
levels can be suppressed.:".g'z"22 The.criteriof*ﬁﬁoﬁ§the:disappearance.of

the nth

channel for fonization, due to electron trapping by the

ponderomotive potential is

-

N0\ ORI it

Ez 2 ) [y
y <1 | : (1SN
nfw - V_(E -—, -
. 0' 0 4 o o - P
.‘ﬂJ
in which V (E ) 15 the, fonization energy of the atom modified by the o

3|

Ac-Stéfk effect. Significantly, both the diSaPPea}éncé of’the Towest enérgy

electrons and the persistence of tﬁq hidher.énérpj peaks have been observ§d3-23_
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in good agreement with Eq. 15. In the exper!nents of Johann el al.:' in =

xenon at 193 nm, electron .trapping of the two-photon (n = 2) peak occurs at an ‘;I:'-;'

A.J‘\

intensity of 2 x 10" chaz according to Eq. 15. However, the onset of T
strong non-linearity arises at an intensity of 1.2 x 10‘5 H/c-z. the value &
for which B = 1 in Eq. 14. The combined result of these effects is that the ".,-if.:

single electron wave function, described by Eq. 6 and Eq. 8, will have

sizeable n = 2 component that does; not jonize. The n > 2 components, of

course, will still consist, at least partly, of outgoing waves. If we assume

a coherent outer-shell motion, a reasonable approximation for the bound part -
of the TDHF wave function that correlates to the ground state is a symmetric

- product of wave functions for the six S5p electrons of the form9

¥ (F.1) = exp(-ig;t) [v‘;(u‘-) + ol (F)e et gi(Pre” 2““] !

The norms of the Fourier components,

P = / le}(F) 1707, an. L

were calculated for a one dimensional harmonic oscillator with polarizability

4
.
"

and resonance frequency siu;ilar to that of xenon:; for an intensity of

4.5 x 10M H/cuz and frequency w = 0.7o° the values are' Po = 0.246, :‘
Py = 0.330, P, = 0.234, P, = 0.116 respectively. o
‘ : " ' =
Two important conclusions emerge. First, 1f we interpret Pp 38 the o
probadility of ai individual. electron being: 'dressed‘ by n.photons, the Sp°® o
shell of xenon has a sizeable aqlitude forabeing -dressed with, or virtnally’ S o3
k2% G R e < e ' t

excited \dth lz photous. . an. enem-sufﬂcient tb-.donlze aud electron. at.
IR KR

an 1nc|dent 193 e laser .intensity's;ln'the.' range_of’- 4 x10

chu .
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_ Stgaificantly, this range of intensity agrees, to within a factor of two, with
the intensity observeda" in the electron spectrum of xenon for the onset of
streng nonlinear coupling. Second, substituting Eq. 16 into Eqs. 4 and 8, we

_ see that the potential produced by these electrons contains predominantly the
first and second harmonic components. This is exactly the expected
characteristic of a coherent ordered motion of the outer-shell electrons.

An estimate can be made of the inner-shell excitation due to the
-~ potential U, Eq. 8, in perturbation theory. The xenon 4410 fonization
thresholds are 67.65 eV (4ds/2) and 69 52 eV (4d3,2) Hpen the n =2 .
terms get large, the domfhant lowest order terms in the pertubat1on an51y51s
represented by Eq. 12 can be cast in a form in which_the individual terms
are written as (uEzlnnm)z, in which u is an inner-she11 dipole matrix element,
Ez is the field at 2y induced by thg outer shell, and Hawis an appropriate energy
denominator. Usiqg uz - f(eao)z(ky/ﬁujg‘in which Ry = 13.6 eV.ﬁuﬁ is
an inner-shell excitation energy, and f is the osci1Tator strength of the

transition, we can estimate the square of the matrix elements of Eq. 11 as

3 - 3
1<up>)? = (E"l)2 _41_(%1)___) (18)
' a2 (hbu)i(ha))

with the atomic electric field denoted as €, = e/as.

We now provide bounds for (E,/E ). A high estimate, €,/€, = 1.4, is
derived if we assume an oscillating charge of 2e at zu] corresponding to
the parameters Po =P = P, = 1/3 for the six Sp plectrongﬁyand a mean
distance of l.2a°'betueen the outer- and inner-shell. The latter §s an
18

unweighted average from a density functional calculation of xenon.

Conversely, a low estimate of E,/E, = 0.17 is obtained if we scale the
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static shielding: field calculated in Ref. 18 (Fig. 1), around the position of

o

.
a
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the peak density of the 4d shell (0 82 ) with '2 - 1/3. He-belleve that a

better estimate of this quantity is the highest theoretical priority and its

experimental determination- is the most significant néans for a comparison of

N

theory and experiment. Fortunately, in the case of xenon, the structure of

b
tor

the excited levels of the 4d]° shell is well knoun.25'25 We have to
consider in Eq. 18 two different classes of terms, namely, (a) those in the _
confinuuu with f = 11 anl L ~A556-ev and (b) one reso;;nt level at 65.1 ev i

IOSSZSDG 9

corresponding to the 4d + 4d SSZsz(ZDSIZ)Sp transition with £ = 0.02.

The Jatter transition can experience shifts due to outer-shell "vacancies® and ;

thev(shielded) external field. Taking the higher estimate for Ez. we get

for |<|U|>I2 = 0.29 with the continuum as the intermediate state and

I<|U§>|2 = 7.6 for the resonant level which corresponds to 10 photohs

absorbed. The latter value simply signifies that this particular step of the

transition is saturated and that the appropriéié magnitude to use is unity.:
The simplest kind of perturbation céi;;iatiqn relates the probability of.

inner-sheltjonization P (Auger) to that of the absorption P(4s) corresponding to

the absorption of four photons by a single electron, an outer-shell “above

23 with the latter being calculated in lowest

- threshold” ionization process,
order perturbation theory. In this comparison, we assume that both these

processes haye the same density of final states, and the same bound-continuum
matrix elements. This ratio then reduces to a product of four expressions of the
type |<|U|>|Z. Using the estimates given in the previous paragraph, we obtain

for .the ratio of probabilities, P(Auger)/P(4w) = 0.15. The magnitude of this ratio
ihdicates_that an appreciable fraction of the absorbed energy can be channeled

into the excitation of inner-shell states.2




In this letter a theoretical framework has been presented that allows the,; =

( e XL

calculation of the probability of inner-shell excitation that arises when an

outer-shell of an atom is driven coherently by a strong, non-resonant

electromagnetic field. Naturally, in future analyses, it is important to

3 - -

examine more thoroughly the range of physical conditions™ necessary for the

validity of the central assumption of this work, namely, the existence of a

coherent multi-electron excitation of an atomic outer-shell. For this L i;
question, TDHF calculations can set a limit. In the regime for which those .
ca]culations‘;;;dict single electron exc{fations. in particular, close to a
resonance, no coherent excitation will occur in a real atom. Of course, the
residval interaction among the outer-shell electrons represents a mechanism
for damping of the coherent motion that requires further investigation.
Although a theoretical framework is knownZ7'28 which can be used to appraise ii.

these effects, the calculation falls outside ti®“domain of TOHF theory.
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Anomalous Collision-Free Multiple Ionization of Atoms
with Intense Picosecond Ultraviolet Radiation

T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger, and C. K. Rhodes
Department of Physics, University of Hlinois at Chicago, Chicago. Illinois 60680
(Received 27 April 1983)

Collisionless multiphoton absorption, resulting in multiple atomic ionization and ex-
hibiting anomalously strong coupling, has been studied in the region spanning atomic
number Z = 2 (He) to Z = 92 (U). The highest fon state identified is U'®*, corresponding

. to absorption of 99 quanta (~ 633 eV). Models of stepwise ionization using standard theo-
retical techniques are incapable of describing these results. A mode of interaction in-
volving radiative coupling to a collective motion of an atomic shell is proposed.

PACS numbers: 32.80.Kf, 32.80.Fb, 33.80.Kn

The availability of spectrally bright picosecond
ultraviolet light sources enables the study of non-
linear coupling mechanisms in that spectral range
under experimental circumstances unaffected by
collisional perturbations, In this Letter, the re-
sults of the first experiments examining the
atomic-number dependence of processes of mul-
tiple ionization of atoms X with intense (510" W/
cm?®) picosecond 193-nm radiation under collision-
free conditions are reported. '

The general physical process studied is

Ny+X-X*"+qe" (1)

for which observed values of Nand ¢ range as
highas 99 and 10, respectively. Of particular
significance is the behavior of the amplitude for
Reaction (1) ag a function of atomic number (2).
Accordingly, the response of materials spanning
the range in atomic number from He (Z=2)to U
(Z=92) has been measured. Similar processes
involving the irradiation of Kr at 1.06 um have
recently been described by L’Huillier ef al.,! in
addition to other studies concerning the charac-
teristics? of Xe and Hg.

The experiments reported herein exhibit two
salient features, These are (1) an unexpectedly
strong coupling for extraordinarily high-order
processes, and (2) a coupling strength which is
dramatically enhanced at higher Z values,

The experimental arrangement used to detect
the production of the highly ionized species con-
sists of a double-focusing electrostatic energy
analyzer (Comstock) operated as a time-of-flight
mass spectrometer. The analyzer is positioned
in a vacuum vessel which is evacuated to a back-
ground pressure of ~10"7 Torr. The materials to
be investigated are introduced into the chamber
in a controlled manner at pressures typically
from ~3x10~ to 10 Torr. The 193-nm ArF*
laser used for irradiation® (~10 psec, ~4 GW) is

focused by a f=50-cm lens in front of the en-
trance iris of the electrostatic analyzer, pro-
ducing an intensity of <10'* W/cm? in the experi-
mental volume. The number of atoms in the focal
volume is estimated to be ~10* at 10 * Torr.
Therefore, any ion produced with a probability
less than ~10 ~* cannot be detected without ex-
tensive signal averaging. Ions formed in the
focal region are collected by the analyzer with
an extraction field in the range of 50-500 V/cm
and detected with a microchannel plate at the exit
of the electrostatic device.

Representations of the experimental results are
given in Figs. 1(a) and 1(b) and Table I. Figure
1(a) shows a sample of typical time-of-flight ion
current data for Xe. Table I contains the normal-
ized relative abundances of the observed ion
charge states for Xe, derived from Fig. 1(a) and
uncorrected for detector sensitivity., Experiments
indicate that the detector is about four times as
sensitive for Xe*, Similar data have been record-
ed for He, Ne, Ar, Kr, I, Hg, and U. In Fig.
1(b), the observed ions and the total energies re-
quired for their generation in the electronic
ground state are given,

A remarkable feature of the data is the magni-
tude of the total energy which can be communi-
cated to the atomic systems, especially for high-
Z materials. The total energy investment*” of
~633 eV, a value equivalent to 99 quanta, needed
to generate U'°* from the neutral atom, with ne-
glect of the small contribution associated with
molecular binding® in the experimental material
UF,, represents the highest energy value reported
for a collision-free nonlinear process. The re-
moval of the tenth electron from uranium, which
requires® ~133 eV if viewed as an independent
process, requires a minimum of 21 quanta, The
coupling strength implied by this scale of energy
transfer at an intensity of ~10'* W/cm? very sub-

110 © 1983 The American Physical Society
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FI1G. 1. Data concerning multiple fonization of atoms
for 193-nm irradiation at ~10" W/cm?, (a) Inset:
typical time-of-flight fon current signal for xenon.
{b) Plot of total fonization energies of the observed
charge states as a function of atomic number (Z).

stantially exceeds that anticipated from conven-
tional theoretical formulations describing multi-
quantum ionization. :

Aside from the magnitude of the observed ex-
citation energies, the general and strong tendency
for increased coupling for materials heavier than
argon and the similarity in the response of I and -
Xe, for which the maximum charge state ob-
served in both cases corresponds to complete
loss of the 5p shell, are significant. An examina-
tion of the ionization energies** for the species
involved fails to suggest any consistent picture
for this behavior. For example, the ionization
of the second electron from He, which is not de-
tected, requires an energy of ~54.4 eV, a value
less than that necessary to remove the fifth elec-
tron from Xe. We are led to the conclusion that
some factor other than the magnitude of the ioni-
zation potentials corresponding to the different
species, or equivalently, the order of the non-
linear process, governs the strength of the coup-
ling,

An explanation based simply on the density of
states is also unconvincing. A comparison of the
excited-state structures®!® for He and Ne quickly
shows that the density of levels for Ne is very
large in comparison to that for He, but only singly
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TABLE 1. Charge-state distribution of xenon derived
from Fig. 1(a).

Charge state Relative abundance
1+ ‘44
2+ 26
3+ 20
4+ - 7
5+ 5
6+ . 1

ionized species are observed for both materials,
Likewise, the comparison of Xe and Hg leads to
the conclusion that the density of states is not a
key factor in determining the coupling strength.

Conversely, all the conspicuous characteristics
of Fig. 1(b) can be consolidated if the shell struc-
ture of the atom is the principal physical prop-
erty determining the magnitude of the coupling.
The considerable change seen in the atomic re-
sponse observed between Ar and Kr implicates
a role for the 3d shell which is filled in that re-
gion. A very similar variation between Ar and
Kr, that has been observed in the amplitude for
single-quantum multiple photoionization,!* has
been attributed to correlation effects arising from
the d shell. A significant shell-dependent effect
is also suggested by the comparative behavior of
I and Xe, since complete removal of the valence
5p shell is observed in both cases although the
total energies required differ substantially, We
note that I and Xe exhibit similar and unusually
intense 4d absorptions'*!? in the region ~100 eV,
strongly implicating correlated'*!® motions in
that shell.

The most elementary mechanism that could lead
to the production of the observed ionic charge
states is the stepwise removal of the individual
electrons by conventionally described multipho-
ton ionization., A given charge state (e.g., Xe*)
then requires the generation of all lower charge
states, thereby linking the probability for its
occurrence directly to the rates of production of
these other species, The appearance of Xe*
would require a sequence of 2-, 4., 6-, 8-, 10-,
and 12-photon processes of ionization.

The probabilities for multiphoton transitions
calculated with standard perturbative approaches'’
and procedures valid in the high-field limit'® have
been discussed for single-electron systems.

From these calculations, it can be shown that,
at the 193-nm intensity of ~10'* W/em? used in
these experiments, the transition rates for N-
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photon processes decrease very rapidly with in-
creasing N. Anm estimate shows that for N=3,5, 17,
the relative transition probabilities scale as
1:~10"*:~10"%, On this basis, the expected ionic
distributions should decrease very sharply to-
wards highe: charge states, Indeed, the abun-
dances of ions in charge states ¢ > 3 would fall be-
low the detection limit of the apparatus used. It
follows that the results obtained from single-
electron models for multiquantum processes of
this nature do net represent the observed experi-
mental findings involving charge states ¢> 3.
This conclusion holds for all materials studied
that are heavier than Ar. Conversely, inspection
of the experimental data indicates that the low-Z
materials, essentially up to Ar, exhibit behavior
in reasonable accord with that predicted by con-
ventional theory. This interpretation can be rec-
onciled with the presence of two different coupling
mechanisms, one dominating in the low-Z region
and the other providing enhanced coupling in the
higher-Z materials. From our data, the division
between these two regimes appears to occur be-
tween Ar and Kr.

The very substantial underestimate provided by
standard thcoretical models of the coupling
strength obsc: ved and the envelope of the Z de-
pendence boih conspire to support an interpreta-
tion involviug; an alternative mode of coupling.
The enhanced ::nd anomalous strength of the radi-
ative interaci,on points to a collective response
of the atom. :.ich a collective response, or
atomic plasi..n,'?® is anticipated to be favored in
the outer sui.shells of high-Z materials for which
the correlation energy becomes a more substan-
tial fraction of the total electronic energy.*2°
The coherent motion envisaged has a counterpart
in nuclear maiter known as the giant dipole,® al-
though giant multipoles higher than the dipole are
known,*

All aspects of the experimental findings can be
unified if an important mode of noniinear coupling
involves a direct multiquantum interaction with
an atomic she!l which undergoes a collective re-
sponse, Intins picture, it would follow naturally
that the shell structure of the material would be
reflected as an important property governing the
coupling to the radiation field. Collective inner-
shell responses have been discussed in relation
to processes of single-photon ionization,?® It is
generally found that in cases for which the elec-
tronic correlations are important, the single-
particle spectrum is very greatly altered, lead-
ing to 2 coll~:tively enhanced many-electron pro-
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cess. In this regard, the xenon 44'° shell**® and
the lanthanides®* have been studied extensively.
Recent analyses of collective responses in atomic
and molecular systems have been given by Brandt
and co-workers,*'** Wendin,'*!% and Amusia
and co-workers,!®% The results of our current
studies simply indicate a nonlinear analog of this
basic electronic mechanism, In the present ex-
periments, the implication of the d-shell electrons
seems particularly strong given the sharp change
in behavior seen between Ar and Kr. Naturally,

f electrons® would be expected to behave similar-
ly, a consideration that clearly motivates study
of the lanthanide sequence. Finally, the spatial
dependence of the self-consistent field experi-
enced by the atom® is expected to give rise to a
complex Z dependence of the atomic response, an
aspect that may be related to the relatively low
value of maximum energy indicated in Fig. 1(b)
for He.

In summary, studies examining the nonlinear
coupling of intense ultraviolet radiation to atomic
systems, spanning the atomic number range Z
=2 to Z=92, reveal several important character-
istics of this interaction. It is concluded that the
conventional treatments of multiquantum ioniza-
tion do not correspond to our experimental find-
ings for high-Z materials. The esseatial findings
are (1) an unexpectedly large amplitude for col-
lision-free coupling, (2) a strong enhancement in
the coupling strength for the heavy elements, and
(3) the inference, based on the atomic-number -
dependence and the anomalous coupling strength,
that a collective motion of 4 and f shells may
play an important role in these phenomena. With
this physical picfure, selectivity in the popula-
tion of excited ionic states is expected on the
basis of photoelectron studies,?
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Collision-free multiple photon ionization of atoms and-molecules at 193 nm -

) T. S. Luk, U. Johann, H. Egger, H. Pummer, and C. K. Rhodes
Department of Physics, University of Illinois at Chicago, P.O. Box 4348, Chicago, Illinois 60680
(Received 4 February 1985)

The nonlinear coupling of 193-nm radiation to a range of atomic and molecular materials has
been experimentally explored up to a maximum intensity on the order of ~10'” W/cm?. Studies of
collision-free ion production clearly exhibit anomalous behavior which strongly implies that the
atomic shell structure is the principal determinant in the observed response. On the basis of the ob-
served coupling strength and the measured atomic-number (Z) dependence, the experimental evi-
dence points to a coherent atomic motion involving several electrons, possibly an entire shell, as the
main physical mechanism enabling the scale of energy transfers seen. Therefore, states representing
multiple excitations appear to play a central role in the coupling, a consideration that fundamentally
distinguishes the nonlinear interaction of a multielectron atom from that of a single-electron system.
Comparison of the experimental findings with standard theoretical treatments, of cither a perturba-
tive or nonperturbative nature, does not produce satisfactory agreement. Conversely, the formula-
tion of a simple classical estimate qualitatively conforms to several features of the observed behavior
including the shell character of the interaction, the maximum energy transter, the dependence of the
average energy transfer on the intensity of irradiation, the frequency dependence of the observed en-
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ergy transfer, and the weak influence of polarization.

1. INTRODUCTION

The initial studies? of the Z dependence of collision-
free multiphoton ionization of atoms at 193 nm clearly

exhibited anomalous behavior in terms of the gross rate of

energy transfer. The general class of physical processes
studied was

Ny+X—X9%* 4ge . m

A prominent feature of these studies was the unusually
strong nonlinear coupling found characteristic of certain
heavy materials such as Xe and U. In the case of U, the
maximum observed values of N and ¢ were found to be 99
and 10, respectively. By comparison with theoretical ap-
proaches based on perturbation theory,>~* these experi-
ments clearly demonstrated that standard theoretical tech-
niques were incapable, by a discrepancy as great as several
orders of magnitude, of describing the observed results.
Subsequent work,® conducted at a wavelength of 1.06 um,
has confirmed the anomalous nature of the coupling
strength.

II. EXPERIMENTAL CONSIDERATIONS

For the studies of multiple ionization conducted since
the earlier studies"? were completed. the 193-nm ArF*
laser used for irradiation’ (~5 psec, ~3 GW) was
focused by an appropriate lens to generate intensities in
the range of 10"—~10"7 W/cm? in the experimental
volume. In order to produce the highest intensities used,
an f /2 aspheric focusing element was necessary. The ions
are created in a vacuum vessel which is evacuated to a
background pressure of ~ 10~ Torr.

In contrast to the earlier work," the ion analyzer had a
greatly extended time-of-flight drift region which permit-

-
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ted significantly superior mass and charge discrimina-
tion.® In this case, the isotopic signature of heavy atoms
was readily distinguished.® This aspect provided a clear
identification of the signal and enabled unambiguous
separation of the desired ion current from any spurious
signals originating from the background gas.

Figure 1 illustrates the characteristic isotopic pattern
observed for Xe*+. Note the close correspondence of the

- individual isotopic peaks to the strcngths expected on the

basis of the isotopic natural abundance.'® Under typical
experimental conditions, the ions formed in the focal re-
gion were collected by the analyzer with an extraction
field in the range of 100—5000 V/cm, and a microchannel
plate located at the exit of the time-of-flight region served
as the ion detector. In addition, a laser-evaporation tech-
nique has been incorporated'! into the apparatus to enable
the study of elements, such as the lanthanides, which are
not conveniently available in gaseous form, and prelimi-
nary experiments involving Eu and Yb have been conduct-
ed.

III. EXPERIMENT RESULTS ON ION PRODUCTION

The basic information obtained by observation of the
ion spectra pertains to the scale of the energy transfer, for
both average and peak values, communicated to the target
atom X by the radiation field. An examination of the Z
dependence of the average energy transfer is informative.
Figure 2 illustrates the dependence observed at 193 nm for
an intensity of irradiation in the range of 10'°—10'
W/cm?. The comparison in the average energy absorbed
for the adjacent elements, I (Z =53) and Xe (Z =54), is
remarkable. This difference, which is approximately a
factor of 4, cannot reasonably be attributed to experimen-
tal error, since only the strong, easily registered ion-signal

214 ©1985 The American Physical Society
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components figure appreciably in the calculation of the The ion production in several elemenfs has been studied ___
N average energy. Furthermore, since the two clements are  for a range in atomic number spanning He (Z =2) to U e
- close in atomic mass, the ion velocities of the two materi-  (Z =92) at intensity levels above those used in the initial K5A
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FIG. 4. Data concerning the multiple ionization of atoms for irradiation at 193 nm.. Plot of total ionization energies of the ob-
served charge states as a function of atomic number (Z). s5;I’* was not positively identified because it coincides with an H;O* back-

ground signal.

for the heavy materials. In the earlier experiments' con-
ducted at ~ 10"* W/cm?, an examination of the ionization
energies'>!? of the species involved failed to suggest any
consistent picture for the understanding of the stages of
ionization produced. Furthermore, the subsequent work
reported herein shows that this situation continues to exist
at intensity levels as high as the 10'—10'7 W/cm? range.
For example, the ionization of the second electron from
He, which is not detected, requires an energy of ~54.4
¢V, a value less than that necessary to remove the fifth
electron from Xe, a process which is clearly seen. We are
led to the conclusion that some factor other than the mag-
nitude of the ionization potentials corresponding to the
different species, or equivalently, the order of the non-
linear process, governs the strength of the coupling.
Clearly, this strong variation in coupling strength cannot
be explained by standard perturbative and unperturbative
theories.

Another clear characteristic of these data is the shell
dependence manifested in the behavior of the heavier rare
gases. For Ar, Kr, and Xe, the maximum charge states
observed would correspond to the complete removal of
atomic subshells. For these materials they are the 3p, the
4p and both the 55 and 5p shells, respectively. Similarly,
if the I'* signal is present under the HyO* peak, then
that aiso implies complete removal of the 5s and Sp
shells. ‘

The hint provided by the role of the shell structure
described above led to the hypothesis that it was mainly

the number of electrons in the outer subshells that
governed the coupling. A measurement of the response of
clements in the lanthanide region, with the use of a
method involving laser-induced evaporation to provide the
material, enabled this view to be checked. As one moves
from La (Z =57) to Yb (Z=70) in the lanthanide se-
quence, aside from slight rearrangements involving the Sd
shell for Gd (Z =64), 4f clectrons are being added to in-
terior regions of the atoms. The data illustrated in Fig. 4
for Eu (4f76s%) and »Yb (4f'6s?), which differ by
seven 4f electrons, indicated that these inner electrons
play a small role in the direct radiative coupling, a fact
that is in rapport with the observed dependence on the
outer-shell structure.

The intensity dependence of these ion spectrs, corrected
for the relative sensitivity of different charge states,'* has
also been examined, and Fig. $ illustrates the nature of
this response for xenon. Over the range of intensities
studied (~10'—10'" W/cm?), higher intensity translates
genenally into an increased yield of ions of a particular
charge, although not necessarily an increase in the max-
imum charge state observed. For example, the ion
sXett, with ground-state'® configuration 4d'7, is the

. greatest charge state detected at ~10' W/cm?, and al-

though its abundance increases at ~10' W/cm?, no
saXe’* appears at the higher intensity. The average ener-
gy communicated to the atom also increases at the higher
intensities, although clearly not as rapidly as the intensity.
In the case of xenon, as shown in Fig. 5, the average ener-
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FIG. 5. Relative abundance of charge-state distributions ob-
served in the ion spectra of xenon in the intensity range
10"-10"" W/cm? at 193 nm.

gy increased by only approximately a factor of 7 when the
intensity was increased 100-fold. It is important, howev-
er, to be aware of the experimental uncertainty involved in
the intensity dependence, since low-charge states can be
disproportionately produced in the outer regions of the fo-
cal volume. This particular effect is expected to be some-
what more significant for materials, such as (Eu and
70Yb, which can be ionized by a single 193-nm photon.
Nevertheless, the data illustrated in Fig. 5 clearly show a
relatively weak intensity scaling for the high-order (N)
process that produces the higher-charge-state species ob-
served.

Several existing types of nonperturbative calculations
predict a variety of different laws governing the intensity
(I) scaling of the transition probabilities. For a field
strength comparable to or greater than the binding field
E, of the electrons, Pert'® and Mittleman'’ derived
I='2n(1/1,) and a Io/N*I relationships, respectively,
in which I represents the intensity corresponding to the
value of the electronic-binding field E,. Moreover, under
conditions for which the radiative-field strength is small
compared to the electronic-binding field E,, Keldysh'®
obtained a 7'/4 scaling. Furthermore, for the experiments
under consideration, it is not apparent that the analyses of
Pert'® and Mittleman'” can be validly applied to the pro-
duction of the higher observed charge states, since the in-
tensity ! is much less than the corresponding I for those
species. Finally, we note that, in the weak-field limit cor-

responding to applicability of the Keldysh'® approach, the
model predicts a substantial abundance of He’*, a con-
‘clusion that stands in contrast to the experimentally ob-
served absence of this charge state.

The frequency dependence of the coupling has also been
examined by comparison of our results at 193 nm with
other studies performed'*?° at 1.06 um and 0.53 um. The
comparison, conducted at an intensity of ~10'* W/cm?
for both krypton and xenon, indicates that the average en-
ergy absorbed is reduced at the longer wavelengths. Fig-
ures 6 and 7 illustrate these comparative differences for
krypton and xenon, respectively.

The influence of laser polarization has been studied for
xenon. With the use of a quarter-wave plate, the linearly
polarized radiation normally produced by the 193-nm
source’ can be conveniently transformed into circularly
polarized radiation. The ion spectra observed for xenon
were found to be negligibly modified by the change from
linear to circular polarization. This result is in contrast to
that expected on the basis of perturbation theory analysis®
in the single-electron picture of the interaction. In that
case, for high-order processes, the much greater abun-
dance of available channels for linear polarization pro-
duces a substantially greater ionization rate in comparison
to that characteristic of circular polarization. Nonpertur-
bative treatments?' also indicate that greater ionization
rates are commonly associated with linear polarization.

0.
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FIG. 6. Comparison of charge-state spectra observed for
krypton at an intensity of ~ 10" W/cm? at 1.06 um and 193
nm. The data shown for 1.06 um irradiation is taken from Ref.
19. R
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FIG. 7. Comparison of charge-state spectra observed for xe-
non at an intensity of ~10'* W/cm? at 0.53 um and 193 nm.
The data shown for 0.53 um irradiation is 1aken from Ref. 20.

We comment further that, at sufficiently high-
electromagnetic fields, all angular momentum states be-
come accessible,?? a fact that will certainly alter the polar-
ization dependence.!’

IV. DISCUSSION OF RESULTS

A. lon production

In broad terms, we now discuss and interpret these ex-
perimental findings. In the data represented in Figs. 2, 4,
and 5, two salient characteristics exhibited by the experi-
ments involving ion production are (i} the large coupling
strength for heavy materials and (ii) the sharp variations
present in the average energy transfer as a function of Z,
such as that illustraied by the comparison of iodine and
xenon in Fig. 2.

Qualitatively, several aspects of the basic interaction
emerge clearly. With reference to xenon, for example, a
100-fold increase in 193-nm intensity from ~10'*—10"
W/cm? does not drastically increase either the maximum
charge state observed or the average energy transferred.
Over this range of intensity, the charge state ¢ advances
from ¢ =6 to 8, and the average energy transferred in the
interaction increases by approximately a factor of 7.
Within the experimental uncertainty over this range of in-
tensity, the average energy appears to grow approximately
linearly to the magnitude of the radiative electric field, a
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fact we comment on further below. Furthermore, since
the charge state does not increase beyond the apparent re-
moval of the full 5p and 5s subshells, tentatively we can
conclude that the n =5 shell is an important agent cou-
pling the xenon atom to the 193-nm radiation field. It is
also known, however, particularly from photoionization
studies involving multiple-electron ejection,??¢ that the
5p, Ss, and 4d shells exhibit substantial intershell cou-
pling and behave in a collective fashion in a manner
resembling a single supershell.”® In this connection it is
also known that the spatial dependence of the self-
consistent field?® experienced by the atom is expected to
contribute to the Z dependence of the atomic response.

In this picture, the increase in multiphoton coupling
strength results directly from the larger magnitude of the
effective charge involved in the interaction. In this way, a
multiclectron atom undergoing a nonlinear interaction
responds in a fundamentally different fashion from that of
a single-clectron atom.'*?"2* This interpretation involv-
ing a collective atomic response with several coupled
atomic shells is exhibited most prominently for Xe, but is
also apparent in the nature of the Ar and Kr spectra.

We now briefly consider the magnitude of the coupling
strength. A strong implication of the studies reported ini-
tially' and noted above, and which is reinforced by the ad-
ditional data illustrated in Figs. 2 and 4, is that the
atomic-shell structure is a principal determinant in the
atomic response. Indeed, all the conspicuous characteris-
tics of the experimental findings can be consolidated by
this single principle. Surprisingly, the order N of the non-
linear process appeared as relatively unimportant. Furth-
ermore, the data strongly indicated that a collective
response of an entire shell, or a major fraction thereof,
was directly involved in the nonlinear coupling. Collec-
tive responses of atomic shells, as noted above, have been
discussed in relation to the mechanism of single-photon
photoionization. The present studies simply point to a
nonlinear analog of this basic electronic mechanism.
With this picture, the outer atomic subshells are envisaged
as being driven in coherent oscillation by the intense ultra-
violet wave. Of course, such a model can only be valid if
the damping rate, presumably by electron emission, is suf-
ficiently low. Consequently, that assumption is naturally
implied in this description. We note that an oscillating
atomic shell, quantum mechanically, would be represented
by a multiply excited configuration. The simplest exam-
ples are doubly excited levels of the type commonly ob-
served in the extreme ultraviolet spectra of the rare gases
such as argon.”® Naturally, higher stages of multiple exci-
tation can be considered such as those discussed in the
context of planctary atoms.™. Therefore, if this type of
description is a valid representation of the radiative cou-
pling, then it would follow that multiply excited configu-
rations would be prodigiously generated and, therefore, be
prominent features in any excited-state populations pro-
duced. We shall sce below that additional evidence sup-
ports this interpretation in the case of xenon and krypton.

Within the framework of the above picture, it is possi-
ble to make a simple estimate of the energy absorbed by
an atom and the corresponding scaling law describing the
intensity dependence. For this we imagine an atom com-
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posed of two parts: (i) an outershell of n electrons driven
by the radiative field at frequency v and (ii) an atomic
core. The outer electrons could, through “inelastic cof-
lisions™ at frequency v, transfer energy to the core. As-
suming a mean free path § for the electrons between two

collisions, and for large collision frequencies (v, > v), the -

work done by the radiative field between two collisions is
neES. The total energy transferred to the core during the
lifetime 7 of the highly excited atomic configuration
represented by the coherently driven outer shell is then
given by

nekE §v, r=fiw, . pd]

Here, this energy is written in the form of a quantum with
magnitude #w,. Using 8v, =v and estimating the average
velocity v by equating the kinetic energy of an electron
with the potential energy lost between two collisions

smvi=eES , 3)

one obtains for the optical electric field

2}
i

nr

vVm/28

4

E=i[
-4

As an example, if we take fiw; =1 keV, n =6 representing
a closed p shell, §=0.1 A, and 7=10"" sec, then
E --2.0x10° V/cm, corresponding to an intensity
I=:10"" W/cm?.

The value taken for the mean free path 8 requires some
discussion. It is predicted on the mean free path associat-
ed with the scattering of an electron, having an energy
considerably above the Fermi energy, interacting through
a screened Coulomb potential in an electron gas. The
cross section g for this process, estimated, for example,
in the case of sodium,’’ by Pines,’? to have a value
oo~ 17mad, in combination with the electron density p,
characteristic of the xenon n =35 shell, yields a scale
length 8~(p,00)~'~10~ cm. Interestingly, if we ex:m-
ine the data for xenon in Figs. 4 and 5, we observe that
the maximum charge state Xe'*, which corresponds to
~450 eV total energy,'* was seen for an intensity in the
range of 10'%~10'7 W/cm?, figures not far from those
represented by Eq. (4). Finally, since Eq. (4) is indepen-
dent of the frequency v, a weak dependence on frequency
is expected. As shown in Figs. 6 and 7 frequency does not
appear to exert a strong influence on the average energy
transfer. Certainly, no quantitative accuracy can be
claimed for the estimate made above; its only significance
is that the general nature of the atomic response and the
qualitative scales of the physical quantities, for what ap-
pear to be reasonable choices of atomic parameters, are
roughly that observed in actual experiments.

It is informative to consider the case representing the
high-intensity limit.'»? At an intensity of ~10"
W/cm?, which we anticipate will be available soon with
the use of subpicosecond rare-gas halogen lasers, the peak
ultraviolet electric field is more than tenfold e /a3, so that
loosely bound outer electrons can be approximately
modeled as free particles. In this case, the problem
reduces to that of the acceleration of electrons in focused
Jaser fields,®® an issue that, incidentally, is related to the
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acceleration of cosmic rays by rotating neutron stars.*
Simple estimates indicate that for intensities of that mag-
nitude, the outer electrons would approach relativistic ve-
locities ( ~50—80 keV) and that oscillating atomic-current
densities on the order of 10'—10'* amps/cm? could be es-
tablished as a result. Actually, in this high-intensity limit
it appears to be possible to estimate the coupling of the
coherently driven outer electrons with the remaining
atomic core by a relatively simple procedure. Since the
electron-kinetic energics are considerably above their cor-
responding binding energy, it appears possible to use a
first-order Born approximation®® in a manner similar to
that used to the study of electron collisions for K- and L-
shell ionization®® and shell specific ionization processes in
highly charged ions.>"* Indeed, in the case of xenon
ions, cross sections for electron-impact ionization are
available.”® It also seems possible to account for the tran-
sition from adiabatic to sudden excitation of core elec-
trons with a rather simple procedure.*

The results illustrated in Fig. 2 indicate a complex and
rapidly varying Z dependence for heavy materials. It has
not been possible to formulate a reasonable explanation of
this behavior solely on the basis of the systematics of
valence-shell properties.">* These results again point to
the significance of intershell couplings. Such couplings
are manifested in an obvious way, for example, in Coster-
Kroning processes.*! Indeed, if we consider, as specific
cases, giant Coster-Kronig (GCK) processes of the type

ns—npnd,ed 5)
and super Coster-Kronig (SCK) processes like
np—mf.ef, ©6)

it is well established that strong perturbations*? are
present and that the single-electron picture seriously
breaks down.*® These processes are sensitive to systemat-
ics of the shell-energy levels and, therefore, can exhibit
sharp variation in their dependence on atomic number. In
particular, many-electron effects are prominent when
there is a degeneracy between single- and double-vacancy
states that are strongly coupled. These requirements are
commonly fulfilled and strong collective behavior arises,
for example, in single-photon photoionization.?*** Sig-
nificantly, in comparison with the results illustrated in
Figs. 2 and 4 these effects are known to be of impor-
tance*>* over certain regions of the atomic number from
argon to the heavier part of the Periodic Table. A partic-
ular case involves double photoionization of Ga in the en-
ergy region near the 3d ionization threshold.*’

The degeneracies of single- and double-hole states occur
at particular values of the atomic number. Figure 8,
which was derived from calculations*® of neutral-atomic
binding energies performed with a relaxed-orbital relativ-
istic Hartree-Fock-Slater analysis, illustrates the region
from ;4Cu to ,Zr. Near degeneracies in the n =3 shell
are indicated for ;,Ge, 3 Kr, and ;;Rb. Moreover, since
the 3p and 3d orbitals both have their maximum charge
densities at nearly identical radii,*® strong coupling be-
tween these subshells is expected to occur. Indeed, such
couplings are known* to produce discontinuous behavior
in the L, and Lp, satellite fractions as well as in the
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FIG. 8. Atomic, relativistic ASCF single- and double-hole
ievels for ,Cu to ©Zt. The energies were obtained from Ref. 48
and the figure has been adapted from Fig. 17 of Ref. 43 appear-
‘ng on p. 28. The arrows indicate the locations of near degen-
cracies between single- and double- vacancy states. Figure re-
printed by permission.

Lg4/L, and Lg /L, intensity ratios as a function of
atomic number Z. The data jllustrated in Fig. 9 convey
this effect for the L, features for atomic number in the
sicinity of Z =50. In this case, the observation® is con-
sistent with a critical atomic number of Z~50 for the
Ly-L3M 5 Coster-Kronig transition. The dashed line ap-
pearing in Fig. 9 is a theoretical curve related to the calcu-
lation of Krause ef al.>' The discontinuous behavior in Z
characteristic of the data shown in Fig. 9 has a striking
similarity to that exhibited in Fig. 2. Similarly sharp
variations in atomic number have been calculated in the
Auger width associated with a 2s vacancy.’? Interesting-
ly, it has been predicted® that plasma-shielding effects
can have a strong influence on autoionizing widths by
causing an energetic closing of the channel for Coster-
Kronig transitions, although no such behavior has ever
been actually observed. For a 2s vacancy with an argon-
like configuration, a sharp change in the 2s width is es-
timated for Z =22 at an electron density of ~ 5 10%°
em™3, It should be possible to achieve such a plasma den-
sity, under controlled conditions, with the use of a subpi-
cosecond rare-gas halogen source. We note that several
informative accounts of vacancy distributions” and the
- behavior of autoionizing widths are available.>>3

Normally, relaxation mechanisms involving intershell |

coupling, such as Coster-Kronig and Auger processes, are
experimentally observed by initially producing an inner-
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" In principle, the initial vacancy can be produced with ra-
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FIG. 9. La satellite (La) to disgram (La)’ linc ratio as a
function of atomic number Z. The data are taken from Ref. 50.
The dashed curve corresponds to a theoretical treatment adapt-
ed from a calculation performed in Ref. 51. Figure reprinted by

permission.

shell vacancy which subsequently relaxes, generally pro-
ducing multiple vacancies and excitation in outer shells.

diative excitation,’*” electron collisions,’*** beam-foil
methods,® jon collisions,® and nuclear-decay processes
such as K capture.’>® To these alternatives, the results
of these experiments suggest that multiquantum processes
may now conceivably be added. Furthermore, the nature
of Coster-Kronig processes provides a hint at the mecha-
nism that could make this possible. In simple terms, this
can be viewed as a reverse Coster-Kronig process®’ in
which multiple excitations in outer shells generate excita-
tions in more tightly bound shells. In this fashion we use
the term “excitation” in a broad sense to include both
bound excited levels and continuum states (vacancies).
For double and single excitations or vacancies, this mech-
anism is basically represented by the reverse reactions of
processes (5) and (6), namely,

ns—npnded , (5)

np—ndimf.ef . 6"

Indeed, since these intershell couplings are sensitive to the
systematics of the shell binding energies, resonance ef-
fects*>%* are expected in certain regions of atomic number
Z for the reasons stated above. In summary, the similari-
ty of the discontinuous character of the data represented
in Figs. 2 and 9 mentioned above plainiy, although tenta-
tively, suggest a common origin for this general type of
behavior, namely, the possibility that the electrons in-
volved in the nonradiative relaxation of an atom in the
forward reaction (5) could, in the reverse process (5'), if
driven by coupling to a sufficiently intense radiation field,
generate a corresponding transfer of energy into an atom.
Finally, we comment on some aspects of this general
line of inquiry which deserve exploration. It is of natural
and fundamental interest to further examine the proper-
ties of the ionization process (i) with different ultraviolet
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frequencies, specifically 248 nm, since it is readily avail- B. Radiative properties :‘1
able at high intensities, (ii) over a greater variation in Z,
particularly in regions for which the intershell couplings Measurements of emission produced by the highly ex- -
are believed to be large, and (iii) at intensities above 10"’ cited states provide important information on the nature o
W/cm?. Studies of this nature, therefore, are obviously an  of the coupling mechanism involved. Specifically, if the Zard
important element of our current activity. Examples of interpretation discussed above in Sec. IV involving a col- .F-\.
specific materials which appear as promising candidates  lective atomic response with coupled atomic shells has o
for study are Ba, on account of the known® =%’ sensitivity  any validity, detectable emissien at short wavelengths or o
of the 4f orbital to the state of ionization; the lanthanides,  energetic electrons would be expected. :~::.
on account of the unusual systematics associated with the Indeed, in a recent, although preliminary, experiment "\\"
filling of the 4f shell and the effects of configuration in-  examining the properties of the xenon ions produced in N
teraction®% prominent for certain members of that se-  the ion studies discussed in Secs. HI and IV A which was '35
quence; and oTh and U, the heaviest materials™ avail-  designed to detect extreme ultraviolet radiation, signifi- -
able for practical study. Finally, since molecular binding  cant levels of spontaneous radiation and/or energetic elec- o
is known to have an influence on the behavior of inner-  trons have been observed.” The spectral width observed -
shell transitions, sometimes with rather dramatic effects,  in the radiation channel was determined by the 1500-A -
such as that known for the 5d-f absorption of urunium,” aluminum filter (10—80 ¢V) used. The schematic of the
a comparison of the ionization properties of certain  apparatus employed in these studies and the signal ob- 2"
molecular and atomic species is planned. served are shown in Fig. 10. The signal occurs precisely
XUV DETECTION ARRANGEMENT
(s)

SIGNAL COLLECTOR

——————

LIGHT SHIELD
— :1 z TWO-STAGE

dc blas potentia) — MICROCHANNEL PLATE

I ;
0¢VE 200 voits 4 T 1500 A ALUMINUM FILTER

XUV EMISSION

193 nm RADIATION,
LIGHT TRAP
o 5 psec
PULSE WIDTH /__\

>~ Xo GAS INLET

EXPERIMENTAL VOLUME,

b‘_ ~10'°- 10"%cm ~3 pensiTy
[{)

b
g
)
! -~
b, )
\ z
b E

. [ 2]
P «

- o .

- 3

- (%) -3
N o
b w e
t'. Q _'.‘
b > Xe
- 5 o
by x -~
= 1. i 1 1 B
.. 40 80 1éo 160 —
t~ TIME (nsec) A :::
::' FIG. 10. (a) Experimental arrangement used to detect xuv radiation from highly excited atoms excited by 193-nm radiation at an ';'- R
intensity of ~10'*—-10"" W/cm?. (b <uv signal observed from xenon in the 10—100 ¢V range with ~ 100-V bias between the alumi- - :
" num filter and the microchannel plate; some ringing of the detector circuit is evident. ’ R
! i
B R
e T e A e RS I



e

CHERCAC A Y T Ty TEEER LT e

AT AT
. i . PR

H

SRS

"
LI B

GRS N D e s

PR et T e e TR T T T T L
S L T W VLA WA, WL AN 1P WL P P D D R

-60-

222 ,

at the time of irradiation of the gas with the 5-psec 193-
nm radiation, vanishes if the xenon flow is tenminated,
and is not observed if the xenon is replaced by other ma-
terials, such as krypton or hydrogen. In order to elim-
inate the influence of electrons that could be produced by
photoemission from the surface of the aluminum filter
facing the microchannel plate from reaching the detector,
a dc electrical bias of 200 V was applied to retard the
motion of electrons moving in that direction. Some evi-
dence of an electron-induced signal was observed if no
negative-bias potential was used. Judging from the spec-
tral transmission and the electron stopping power of the
1500-A Al filter, we conclude that only xuv photons in
the region of 10—100 eV and energetic clectrons exceeding
a few hundred electron volts could possibly contribute to
the observed signal. This observation is consistent with
the excitation of an inner-shell electron state, presumably
the 4d level in xenon, by atomic processes of the nature
described above. Significantly, recent experiments’
measuring the photoclectron spectra under identical ex-
perimental conditions have ruled out the presence of clec-
trons with sufficient energy to produce the observed sig-
nal. In addition, the photoelectron measurements’® reveal
the presence of several lines in the xenon spectrum which
closely match the pattern expected from N, s-0OO Auger
transitions, a finding which strongly reinforces the inter-
pretation given above. Naturally, further experiments are
being prepared to determine the electron and photon spec-
tra of the observed emission more accurately.

Another class of experiments, intended to observe
stimulated emission from highly excited states, has also
been performed.”*~"" In the experiment designed to ob-
serve amplification in Kr in the extreme uitraviolet range,
intense stiruulated emission was detected on five transi-
tions spanning the range from 91.6—100.3 nm. An exam-
ination of the linewidths and tuning behavior of these
transitions led to a possible identification of the upper lev-
els as autoi-nizing neutral levels involving both singly ex-
cited inne: hell excitations” and doubly excited configu-
rations.”’¢"7 This is the first indication of stimulated
emission arising from such electronically unstable states.
Finally, if we reason that the anomalous increase in this
coupling is connected with the presence of multiply excit-
ed configurations and if we recall that coherently excited
shells, in ;juantum-mechanical language, are described in
terms of multiple excitations,”” then the results of the
ion-production experiments and the observation of stimu-
lated emission in krypton can be viewed in a unified
manner.

V. CONCLUSIONS

The nonlinear coupling of 193-nm radiation to a range
of atomic systems has been studied up to a maximum in-
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tensity on the order of ~10'” W/cm?. Studies of ion pro-
duction, under collision-free conditions, exhibit
anomalous behavior which implicate the atomic-shell
structure as the principal determinant in the observed
response. On the basis of the coupling strength observed
and the measured' Z dependence, the experimental evi-
dence points to a collective coherent atomic motion in-
volving several clectrons, possibly an entire shell, as the
main physical mechanism enabling the scale of the energy
transfers seen. In quantum-mechanical language, states
representing multiple excitations appear to play a central
role in the coupling, a consideration that fundamentally
distinguishes the nonlinear interaction of a multielectron
atom from that of a single-electron system.

Comparison with standard theoretical treatments of
nonlinear processes, of either perturbative or nonperturba-
tive nature, does not produce agreement with the experi-
mental findings. Conversely, the formulation of a simple
classical estimate qualitatively conforms to several
features of the observed behavior. They are, with particu-
lar reference to xenon, the shell character of the interac-
tion, the maximum energy transfer, the dependence of the
average energy transfer on the intensity of irradiation, the
frequency dependence of the energy transfer, and the
weak influence of polarization. Furthermore, it is postu-
lated that the sharp variations in Z noted for the heavy
matenials is due to a reverse Coster-Kronig mechanism in
which inner-shell excitations are produced by interaction
with multiply excited outer shells. These points naturally
imply the existence of a systematic trend in nonlinear
properties which extends throughout the Periodic Table.
This would then constitute a principle of classification
which appears to bear some analogy to that developed ear-
lier for electron potentials, binding energies, and electron
scattering phase shifts %
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RARE GAS ELECTRON ENERGY SPECTRA PRODUCED
BY COLLISION-FREE MULTIQUANTUM PROCESSES *

U. Johann, T. S. Luk, H. E:gqer:,"r and C. K. Rhodes
Department of Physics, University of Illinois at Chicago
P. O. Box 4348, Chicago, Illinois 60680

The energy spectra of electrons generated by collision-free multi-
photon ionization of Xe, Kr, Ar and Ne irradiated at intensities up to
~ 1015 w/cm2 with picosecond 193 nm (6.41 eV) radiation have been studied
with an energy resolution of 7350 meV. For the first time, the formation
of multiply charged ions by a sequential process of ionization has been DA

directly detected in the electron spectra . by the observation of a

characteristic pattern of interwoven above threshold ionization (ATI)
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features of the interaction involving the laser pulse shape, saturation,
and the shift of the ionization threshold arising from the influence of the .
ponderomotive potential. The experimental results are compared qualitatively .
with data from ién time-of-flight experiments and with differing models of W—-

multiphoton ionization.
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I. INTRDDﬁCTION

With the éevelopment of spectrally bright infrared and ultraviolet
light sources in the last dqgﬁde, it hss-becone possible to study the detailed
mechanism of nonlinear coupling of an intense laser field to isolated atoms
unaffected by collisions. Several experimentsl have been performed to
analyze the ion charge state pr:oduc:t:.ion,z'-5 determine the electron energy
spect:r:um,sm9 and to measure the optical radiation emigted.4'lo For processes

that occur under these conditions, one of the areas of substantial interest

involves the possibility of producing atomic excitations suitable for the

generation of stimulated emission in the x-ray range.lb

For a "weak" laser field (intensity < 1011 W/cmz), the coupling of radi-
ation to an isolated atom can be described fairly well within the framework
of lowest order perturbation theory (LOPT) in which only one electron at a

1,11

time is assumed to be involved in multiphoton ionization. However, for

17 w/cmz),»the situation is poorly

much higher laser intensities (1012 - 10
understood and other coupling mechanisms involviaa many electrons may play
an appreciable role.

Experimentally, the electron energy spectra produced by radiation with
a quantum energy Ms» exhibit certain saliént characteristics. A prominent
feature of the observed electron spectra is the process known as above threshold

ionization (ATI), a phenomenon associated with the absorption of a number of

photons N greater than the minimum value N

min required, on energetic grounds, to
7,12

produce ionization. when N > Nmin' the measured electron energy spectrum

consists of a series of discrete lines each corresponding to the order N

with an energy separation of adjacent orders equaling the gquantum Mw.

Furthermore, it is found that the electron lines are not significantly shifted

:‘ l‘

a o . . . ..
o
s

by the effect of the ponderomotive force.13 Recently, two-photon free-free

¢
80,8 ¢
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transitions have also been analyzed.lé In addition, the order of
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nonlinearity observed for higher order ATI électron lines ié approxinatgly the
samas as for the threshold ionization line, a finding which stands in contra-
dictien to LOP'r.13 This result is, however, consistent with the order of
nonlinearity measured in ion yield experiments,ls although more recent
experiments may alter this picture.16 It is also seen that certain low

energy electron lines disappear with increasing laser intensity at charac-
teristic values which depend upon the frequency of irradiation.13 Finally,
hijh energy electrons (> 100 eV) have been observedg'17 in low resolution
experiments with intense infrared lasers (> 1015 w/cmz);

Studie52'3'4

of ion production by multiquantum processes have indicated
the presence of an anomalously strong coupling for materials in certain
r:gions of the periodic table. It appears that the magnitude of this coupling
iz sufficiently great that reasonable account cannot be made by a mechanism
involving the sequential stripping of individual valence electrons in a step-
wiTe process. Pﬁrthermore, the results on ion production exhibited readily
observed dependencies on the atomic shell struéture, or equivalently, the
avomic number, and the frequency of irradiation.’

The hypothesis has been advanced that multiply excited states representing
highly organized coherent motions of several valence shell electrons may
play an important role in the coupling at sufficiently high laser intensity.18
This mechanism is an alternative to the sequential process described above if
the multiply excited state is produced by a direct multiphoton amplitude from
the neutral atomic ground state. Such an excited state would be expected to
decay by multiple electron emission to energetically available continuum
states. 1In addition, it has been shown theoretically, that multiply excited

R . 19,20
Btates of outer-shell electrons can transfer energy into inner-shell excitations.

In this paper, we describe the results of experiments in which the energy

spectra. of electrons generated by collision-free multiphoton ionization of xenon,
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krypton, argon, and neon irradiated at 193 nm in the intensity range spanning

1013 - 1015 w/cm2 were studied.  The field strengths E corresponding to this

range are 0.06 <E <0.60, as measured in atomic units (e/az). mi; investigation
had two goals. One involved obtaining information concerning the mechanism of
coupiing leading to the high ion charge states observed in earlier experiments3'4
under similar conditions, while the second sought an understanding of the

conditions necessary for the production of inner-shell excitations by processes

of intra-~atomic energy transfer.

I1. EXPERIMENTAL
A. 193 nm Laser System and Beam Properties

For irradiation of the target gas, a 193 nm picosecond ArF* excimer laser
system has been used.21 This system delivers, in both temporal and spatial
characteristics, a nearly transform limited output beam whose properties are
the iollowing: pulse energy ~ 40 mJ, pulse -tength v 5 psec, quantum enerqgy
Wo » 6.41 eV, and repetition rate &~ 1 Hz. In order to perform the experiments,
the {33 nm beamwas focussed with a quartz lens (f = 205 mm at 193 nm) into
the interaction region of an electron spectrometer. As shown below, the focal
volume is several times larger than the diffraction limited value, a fact
mainly attributed to imperfections in the optical system such as. spherical
abberation. It follows that the maxifmum intensity produced in the interaction
region is on the order of 10]'5 W/cmz. In addition to the.short picosecond
pulse, amplified spontaneous emission (ASE) at A ~ 193 nm is also present and
may represent a substantial contribution to the enerqgy in the form of a
A~ 10 nsec background pulse.21 With no picosecond input into the 193 nm
amplifier chain, the ~ 10 nsec ASE pulse has an energy of ~ 50-100 mJ. ‘Altliough
this relatively low intensity radiation produces no detectable ionization of
Ne and Ar, the intensity is sufficient to singly ionize a considerable fraction

of :‘he experimental material in the focal volume for Kr and Xe. However,
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exaiination of the distributions of the pulse energies for both the ASE and
picosecond components shivwed that the ASE fécus only partially overlaps the

focal volume associat;d with the picosecond pulse. COnseéuently. the ASE

is expected to have little influence on the interaction dynamics of the pico-
second pulse with the atoms in the focal region of the short pulse beam. This
was confirmed experimentally by changing the temporal position of the picosecond
feature within the much broader ASE pulse, a procedure which, in some cases,
altered slightly the relative intensity of the electron lines. ' Thexefore,.no
.qualitative influence on the electron spectra was present, Finally, from

21

analyses of the*193 nm beam,” it is believed that-the presenceé in the inter-

. action volume of large spatial and temporal spikes was unlikely.

B. Electron Spectrometer and Signal Processing

The space charge produced in the experimental volume can appreciably
alter the characteristics of the observed electron energy spectra. In order
to minimize the influence of the space charge on-the electron spectra, it is
necessary to produce only a few electrons per laser shot in the focal region.
Therefore, the electron spectrometer should have a high collection efficiency
in addition to a reasonable energy resolution. The magnetic mirror time-of-
flioht electron spectrometer designed for this purpose allows a collection
solid angle of about 27 steradians at an enexgy resoluiion of approximately
A~ 50 meV. The principles of operation and physical properties of this type
of spectrometer 22,23 have been extensively studied by Kruit and Rsead.z4

The interaction volume, in which the electrons are produced, is located
in the strong field region (~ 3000 Gauss) of a Co-Sm-permanent magnet as shown
in Fig. (1). The electrons produced are immediately bound to the maanetic
field and execute a cyclotron motion as they are accelerated in the magnetic

field gradient along the symmetry axis of the spectrometer. The electronic
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trajectories, although complica@ed in detail, occur with conservation of the

total kinetic energy of the electrons. The laser polarization is oriented parallel

to the magnetic field axis. Those electrone -emitted into the forward 2w steradian

solid angle enter the low field region (5-1 Gauss) after travelling a distance
of abou: 200 mm with their wvelocity oriented nearly parallel to the z-axis.
The electron energy can now be measured with a time-of-flight technique. In
the 800 mm drift tube region, which is shielded against str#y magnetic fields
by u-metal layers to a value less than V10 mG, a weak magnetic gquide field of
0.5 - 5 auss is maintained by a solenoid. The time that the electrons spend
in the drift tube can be increased by the application of a retarding electric
field, vhich considerably improves the energy resolution for the more energetic
electrons. The electrons are detected by a two-stage multi-channel plate
detector, (MCP-Chevron type), which is connected to a transient digitizer
(Tektronix 7912 AD). The data taking, processing and storage were handled by
a PDP-11 computer.

The basic propertiesz4 of the electron spectrometer are now described.
Without retardation, the total flight time T for an electron from the focal

volume at position z, on the z-axis to the detector located at point zD is
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In expression (1) B is the initial electron kinetic emnergy, O < 00 <®/2 is
o

the anqular -range of emission with respect to the z~axis, B(z) is the magnetic field

LA
.

2

as a function of position along the z-axis, and B4 = B(Zo). The time distribution

l.'\.

func:iion dne/dt, for n monoenergetic simultaneously generated and isotropically

emicted electrons, which describes their arrival at the detector, is given by

£
- 1-1
-:’.lne . Eo noBo 4 B_(z) dz
e I, T*,0001 =Y 3m cos8 1 - B(2) 513260 35 * (2)
Bs
¥4
o

phys- :ally, the spread in electron arrival times occurring at the detector
ariscs from the influence of the magnetic field as the velocities of the *
elec - -ons become parallel. For anisotropic electron emission with a c0520°
distribution,24 -BEg. (2) is mult}plied by a factor of 3c0520°. Fig. (2)

illustrates the calculated time-of-flight distribution at the detector for

anisotropic emission along with the measured influence of the retarding

potential on tl:e electron linewidth.

The target gas uniformly fills the whole vacuum system and typical operating
pressures were between 2 x 10-8 Torr to 5 x 10.6 Torr. Experimentally it was found
that, depending on the laser intensity and the ionization probability, both the
effects of space charge in the focal region and detector saturation could severely
limit the highest useful gas density. The space charge tends to broaden the width
of the electron lines, as shown in (Fig. 2), and generates a low energy tail on
the distribution. Consequently, the total ion production was usually kept below
~ 1000 per laser pulse. At low signal intensity, the MCP was operated in an
event counting mode, a procedure which supresses electrical noise and allows inte-

gration over several hundred laser shots. Since the background pressure in the vacuum
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system was less than 16-8 Torr, little interference in the measured spectra
was caused from electrons. produced in this material. .

However, since the single photon enerqgy éf 6.41 eV is higher than any
material work function, scattered laser radiation can copiously generate
photoelectrons on all surfaces, especially on the magnet facing the interaction
region which is located at a 6 mm distance form the focal volume. Despite
careful shielding, these electrons cause an energy upshift of all electron

lines by an amount ranging between ~ 0 and ~ 0.8 eV, the exact value depending on the

-laser energy. In addition, a continuous distribution of low energy electrons was
detected which forms a background increasing in magnitude from about ~ 2 to v 0 eV..

Calibration of the electron energy was performed by directing a small

UM e ey

fraction of the laser beam directly onto the MCP detector or by simply using
the prompt signal generated by scattered photons hitting. the detector. This.signal
also conveniently provides the zero-time reference signal. The scale of the
energy axis is then obtained by the identification in the spectrum of the ATI-lad-
der lines which are separated by o = 6.41 eV. -This calibration can be checked
by shifting thé eélectron lines with the retarding.voltage. Close to the
threshold of detection, at low laser intensity, low scattered liqht_- level and low
gas pressure, the leading edges of the asymmetric electron lines coincided to
within 20 meV of their corresponding calculated positions. Contact potentials
have been avoided by covering all surfaces with a layer of graphite (Aerodag G).

The transmission curve of the spectrometer is essentially flat in the
energy range between ~ 0.3 eV and ~ 1 KeV. This property has been tested by
using a metal rod to establish an electric field across the interaction region

5

which accelerates the photoelectrons. As is well known,2 depending

on gas pressure, very slow electrons can be trapped in the focal region. There~

fore, a decrease in the sensitivity of detection is expected to exist below

A 300 meV at a density of 10“6 Torr.
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since the magnetic field diverges in the drift region, this type of
" electron spectrometer exhibits a magnification whose value depgpds upon -the .xatio of
the magnetic field strxength ih the interaction region to that’pr;sent at the
detector. By varying the magnetic field in the drift tube, a circle with a
diameter between ~ 250 pm and ~ 500 ym can be imaged onto the detector surface.
With this knowledge, an approximate estimate of the interaction volume has

been made through a comparison of the electron yield with the number density
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of +iie target gas. Working at a sufficiently high intensity so that the

’y

ionization oi the sample is saturated; and taking into account the overall

Yl
gttty

{4" a
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2 efficiency of detection (v 25%), we find a diameter of approximately 18 um.

This result is in good agreement with the value of &~ 14 ym estimated independently
frowm the limit imposed by spherical abbera?%gn. Furthermore, the spectra are
observed to be insensitive to the position of the focussing lens when it is

moved along the laser beam axis for a distance of about 1 mm. This indicates.
tha the intensity varies rather slowly in the vicinity of the focal plane.

Since exact information on the intensity distribution throughout the interaction

volume is not known, an uncertainty of approximately a factor of three remains

for the absolute laser intensity used in these experiments.

IIY. RESULTS AND DISCUSSION

In the following, the general characteristics of the measured electron
energy spectra are presented and discussed. Since xenon exhibits a more
rich and complex spectrum ‘than those characteristic of the other rare gases,

the features specific to this case will be emphasized in the discussion below.

A. Above Threshold Ionization in Rare Gas Electron Spectra

Pigure 3 illustrates typical electron time-of-flight spectra recorded at a peak

lasex intensity of ~+ 5 x 1014m- 1015 Wmez for neon, argon, and krypton along with a
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spectrum for xenonkcorresponding to an intensity of v 5 x 1013 W/cnz. Also
shown are the rele{gnt energy level dlagranszs with the -ultiphofon transitions
and the electron emission lines indicated. The gas density was adjusted to
keep the total electron production below ~ 1000 per pulse.

Several features of the data are apparent. In addition to the prominent
jowest order ionization lines corresponding to the absorption of!two photons
by xenon, three photons by krypton and argon, and four photons by neon, which
Leave the corresponding ions in the ground nsznpsng/2 states, several above
hreshold ionhzation lines are present. The intensity of the observed ATI lines,
however, drops rapidly with increasing order. Only in the case of xenon is a
resolved line present indicating that the first ion (xe') is left in its lowest
excited state nsznpsng/z.

Several relevant experimental parameters are summarized in Table I.

The measured ionization threshold laser intensities are well below the actual
peak intensities corresponding to these spectra, a fact which places them well
into the saturation regime in which the electron yield grows much slower

with increasing laser intensity than that characteristic of the threshold
region due to depletion of neutral atoms in the interaction region.27 This
means that a substantial number and, indeed, in certain circumstances, most
of the singly charged ions may be formed before the laser peak intensity is
attained in the experimental volume.

The experimental linewidth, if obtained under conditions of high resolution
for which space-charge broadening is avoided, allows an estimate of the upper
limit for the transition rate to be made. This width, which varies between
200 meV and 400 meV at the highest laser intensities used in these studies,

1

yields values for the transition rate spanning the range between 3 x 10 "sec-’1

and 6 x 10* sec™. since a full analysis of the observed linewidth has not

been per’. .rmed, the actual transition rate could be substantially lower than
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. One of these transitions, eccurring in the overall pracess
4s24p%2s_ + 2y(6.41 ev) » 4324p5(’*é‘3’;2)6p + 1y > as%4p®% p + € (5.25 eV, (5)

3 )
strongly favors the excitation channel leading to the J = 3/2 core level, the
state corresponding to the ground ionic term.. In comparison, the more.-

off-resonant channel

61 2,520 2, 520
So + 2y(6.41 ev) - 4; 4p~ ( P1/2)6p + 1ly + 4s 4p P1/2

as‘ap + e (4.56 eV), (6)
7ith detaning 6E ~ 630 meV, leads to formation of the ion in the first excited

. state. Thus, the near-resonance in process- (5) explains the absence or the

~ woakness of the 4.56 eV electron line corresponding’ to.reaction’ (6) in the Kr

~~ectrum. A-similar situation holds for Ar, in which a two-photdn near-resonance,

- +ith upper level configuration 3sz3p$49Laﬁd detuning parameter SE -85 meV,

i may ‘ehhance ion:ground state formation in the process

- 3523p615 + 2y(6.41 ev) -+ 3523p5(2P°, ydp + 1y + 3523p52po +e (3.48 ev). (7
’ o 3/2 3/2

N It should be noted, however, that the energy of detuning can change significantly

at high laser fields due to the dynamic stark shift, a fact that. can significantly

31,32

alter resonance effects of this kind.

The situation is complicated in xenon by the fact that the two-photon

energy (12.82 eV) falls in the energy region containing the autoionizing

2
Rydberg series which converges to the excited 5s Sps‘?x";/2 ion state. On

account. of the rather close spacing of Rydberg levels, near-resonances occur

33

in this region. For example, the observed~~ even parity state

g 2..5,2
i Ss“5p~ ( P1/2

- parameter of only SE = +64 meV. This level, as well as other even parity

)5£12],-, which falls at 12.886 eV, has a weak field detuning

states, could have an appreciable influence on the overall transition rate.

-
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In xenon with 193 nm radiation, sufficient energy is available to

2.0°

populaté both the ionic 2Pg /2 ‘ground state and the corresponding Pl /2

state with three and four photon absorption. Interestingly, the observed

branching ratio (qu = 2P:°l /

gxcited

z/ng /2) for the corresponding electron line

ingensities Ie gives

R3 = Ie(5'79 eV)/Ie('l.lO eV) v 5 and
R.4 = Ie(12.20 eV)/Ie(13.51 eV) ~ 4.

This indicates a strong enhancement of the channel forming the excited

2.0
P2

and the measured ratio of. 0.62 for single photon ionization at a comparable total

state, a finding that strongly contrasts with the statistical value of”0,5

fmer:gy.34 Branching ratios in other multiphoton experiments have been

reported to be RS ~ 1 for 5 photon absorption35 at Ww = 2.81 eV and

RN = 1.35, 0.43, and 6.3 for 6, 7, and 8 photon absorption at }m = 2.34 ev,
'cespec:tively.]'2 Apparently, several factors, including the laser ‘intensity,
the presence of near-resonances, and the order of the process, influence

the value of this ratio.

Since the experimental results provide information on the relative
intensities of the electron lines originating from ATI-processes of different
order N, a comparison to other studies performed under different conditions
-an be made. As shown in Table I, a more rapid decrease is observed in the

ultraviolet at 193 nm as compared to the corresponding results ocbtained at

12,13

visible and infrared wavelengths. An experimental test ruling out normal

inverse bremsstrahlung as the mechanism producing the higher order electron
lines in the low density plasma formed in the focal region was made. On the

basis of the linear density dependence observed for the intensities of the

electron lines, inverse bremsstrahlung heating in the plasma was found to be

5

insignificant at least up to pressures of ~ 10 > Torr, the highest values
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_uged in the experiment. The signature of the bremsstrahlung mechanism would

" have been a quadratic dependence of the electxon;intensity on gas density.

Examination of the intensity distributions on the ATI lines also indicates
that the highly excited configurations of the neutral atoms oécurring above the
iirst ionization threshold, as well as levels of excited ionic configurations, do
not appreciably affect the rates of ionization for the observed channels. The
buxéd regions shown on the energy level diagrams in Fig. (3) indicate the range
of energies in which levels of excited ionic configurations occur. RAthough it
i seen in all four cases that these regions overlap the energies associated with
certain observed ATI features (e.g. N = 8,9 in Ne and N = 5,6 in Ar), the.
intensities observed for these lines- do not exhibit anomalous variations ‘in com-
parison with other electron lines falling outside these specific energy regions.
rurther comments related to this .observation are reserved for Section III.B.5 below.

Theoretical values for the relative probabilities of ATI lines have been
cilculated by Chu and Cooper36 for hydrogen. Other analyses describing the dynamics
0. the process have been given by Crance and Aymar37 and by Gontier and Trahin38
who assume a well defined spatial and temporal intensity distribution for charac-
terization of the laser beam. Although a quantitative comparison of our data with
these calculated hydrogenic probabilities is not strictly valid because of ex-
perimental uncertainties and the electronic complexity of the rare gas atoms as
compared to hydrogen, the experimental results qualitatively reflect the behavior
predicted by the earlier work of Chu and Cooper36 and Gontier and 'rrahin.38

Briefly, at ultraviolet wavelengths, relatively low order processes
(e.q. N =2 and N = 3) can energetically lead to ionization of the neutral
system for most materials. Because of this, the intensity level needed to
produce an ionization rate comparable to the inverse of the pulse width, a

condition that leads to saturation, is relatively low. Indeed, resonances

in the amplitude, such as thosé noted above for argon, krypton, and xenon
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with 193 nm radiation, can further reduce this requisite intensity for

rapid fonization. ‘Cbnsequently, during the risetime of the laser pulse, a
substaﬁtial fraction of the atoms can become ionized into the first ionization
channel before the intensity becomes sufficiently areat to produce a comparable
transition rate for higher oxder processes. TFor longer wavelengths, which
require a higher order process to accomplish ionization, it is anticipated

that the saturation intensity for ionization and the intensity required for
comparable ATI transition rates will have values that are closer together.

In addition, if the ATI process is pictured physically as an inverse-Bremsstrahlung
mechanism involving the intimately associated electron-ion pair, the absorption
rate at shorter wavelengths is expected to be suppressed in comparison to longer
onesz'9 on account of the wavelength dependence of the absorption coefficient
which, in standard form, is proportional to the square of the wavelength. o
Therefore, it is expected, at ultrav101;: wavelengths, that the enhancement

of the higher-order processes of absorption requires a sharp risetime of the
ultraviolet pulse. This condition, which is examined further below in Section
III. B.5, enables the intensity experienced by the atom to reach values of a
sufficient magnitude in a sufficiently short time so that higher order channels
~an compete effectively with those of lower order. In the present experiments,
the requirements of this condition do not appear to be well fulfilled. Highly
charged ions, however, because of the significantly increased energy of
ionization, may tend to exhibit more pronounced ATI absorption, since the order
N of the lowest ionization channel is greater, a condition that will generally
lead to a substantially increased saturation intensity. The same consideration
applies in the comparison of the strengths of the higher order features of the
ATI spectra of the rare gases which are observed to increase in the expected

fashion (Table I and Fig. 3) from Xe to Ne.
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Multiply excited atomic states may play an important role in the many-
quantum absorption process, particularly if sufficient. intensity can be rapidly
applied to the atom and if appropriate resonances are present in the amplitude.
7.deed, a picture based on a collective atomic response involving several
- 40,41,42

alactrons occupying excited orbitals has been considered in certain models.

These analyses display features which are, in principle; compatible with the

: 3,4
xi:ant experimental data.”’

A common feature of multiply excited atomic confiqurations is the
specific issue of a discrete state coupled to adjacent continua.43 The
‘mplest prototype of these multiply excited configurations is doubly
~xizited helium, which has an observed sequence of double excit:ations‘M.46
‘72 beginning at approximately 60 eV above the (ls)2 ground state. More
aplex multiply excited systems, known as planetary atoms, = have also
"o considered.
The rare gases have been a prime subject of investigation of  two-electron

PO . - 48
rocesses. Double ionization measurements are summarized by Holland et al.

photon energies in the 40- to 300-eVv region.- Whereas double ionization
e, Ne, and Ar in this region is due to pair excitation of electrons in the
-« .2nce shell, that of Kr and Xe is mainly a result of Auger processes
o) lowing one-electron ionization of the core. Shake-up experiments in the
- are gases have also been performed. Spears g£_3£.49 have used x-ray sources
o eject an inner-shell electron and observe the satellite lines in the
.‘hoto~electron spectrum, which are due to valence-shell excitation. Finally,

two-electron excitation in the photoabsorption of the rare gases was observed

- Codling, Madden, and !-:dererlm'so-54 in the 8- to 60-nm region. Additional
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theoretical treatments of two—electron excitations are available in

-
.

4

[
»

the recent literature.

Specific detailed information is available for argon, krypton, and

YRV :“-An

Lo s

xenon for low lying multiply excited levels in the region below 50 ev.

iu krypton, the multiply excited manifold begins at + 23.3 eV above the

52,65,66

neurral ground state and is, therefore, reached by a four gquantum

process at 193 nm (25.64 eV). We note that the excited states in this

67,68 of radiative

ravjaon have been strongly implicated in the recent study
@echanisms exhibited by kxypton under excitation at 193 nm. For argon, 3s
inocr-shell excitation begins at 26.61 eV and doubly excited levels existso

above 29.0 eV. Finally, for xenon, autoionizing levels corresponding to single
5s-shell excitation and double 5p-shell excitation have been observed52

above v 20.95 eV. Interestingly, although levels in krypton with single

4s-shell excitations and double 4p-shell excitations apparently play an important

role in the radiative responsesy'68

v 1012 - 1014 W/cmz, no clear evidence for the influence of these states

for 193 nm intensities in the range of

on the ATI-ladder lines was observed in the electron spectra at an intensity
of » § x 1014 W/cmz, as shown in Table I. Similarly, as noted above, for neon,
argon, and xenon, the observed ATI pattern did not give evidence of substantial
influence arising from the known multiply excited levels. If the intensity

of the ATI electron lines is interpreted as a measure of the photon absorption
rate for higher order processes, only a fraction on the order of one percent

or less of the higher charged ion states produced could be attributed to this

type of direct excitation mechanism under the given experimental conditions.

B. Additional Lines in the Xe-Electron Spectrum
A question of principal significance concerns the identification of the

dominant mechanism responsible for the vroduction of highly charged ions under
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collision-free irradiation.69 The sequential stripping of single electrons
with increasing laser intensity, a stepwise process which leaves the ions in
" thzair ground or low excited states, should generate an electron energy spect?um

consisting of a group of sharp lines which accompaniies the normal ATI-ladder
saries associated with the neutral ground state. In an alternative process
invoilving the direct multiple autoionization or photoionization of multiply
e ited states, the liberated electrons can mutually redistribute the excess
en. gy available and generate a continuous component of relatively low energy
electrons to the measured spectrum. In addition, atomic inter-shell energy
transfer may occur in which energy associated with the excitation of outer-
shell electrons can be communicated to inner-shells by an interaction that

19,20 The

has been pictured as a form of dynamic configuration interaction.

inner-shell excited states produced could subsequently decay radiatively or

by the emission of Auger electrons with characteristic energies.
Experimentally, all of these different excitation and decay channels

can occur simultaneously in the interaction region, a situation which may

seriously complicate the interpretation on the observed electron energy

spectra. Some simplification, however, arises from the use of ultraviolet

quanta because the characteristic spacing that occurs between ATI lines is

relatively large, a factor that more readily permits resolution of fine details

in the spectrum.

Evidence for the presence of the sequential process is shown in Fiq. (3)

for xenon. In this case, at an intensity of ~ 2 x 1013 w/cmz, a weak line

at 4.44 eV is observed which indicates the formation of the Xez+ (5525p4) 3P2

ground state which arises from a four photon absorption from the Xe+ (5325p5) 2P§/2

ionic ground level. Upon an increase in the 193 nm laser intensity, the energy

distribution of the electrons observed in the xenon spectrum changes dramatically,
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as -shown in Fig. (4),, a low resolution time-of-flight recording spanning

the energy range between ~ 0.3 eV and n 100 evV. 1t is seen that the lowest

L

order ionization line weakens and splits nearly symmetrically into two features

AL
L '.. r
U AL

whose separation grows with increasing intensity. VAt the greater intensity,

¥y v r
oy

1,

the line group around 5 eV, comprised of the two 3-photon ATI-ladder lines

+
and the 4-photon line indicating the sequential xez ground state formation,
begins to dominate the spectrum. In addition, a broad quasi~continuous

feature at v 3 eV and new line groups between ° ~ 8 eV and V 30 eV are

T

apparent. In Fig. (5), the Xe-spectrum is displayed with high resolution at
15

w/cm2 and converted-to a linear energy scale. More

; an intensity of ~ 10

thar "wenty sharp lines are visible in this spectrum. In order to interpret

this complex spectrum, several physical effects have to be considered.
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1. Shift of Ionization Thresholds

r

..‘ me

The weakening of low energy photoelectron lines with increasing laser

intensity has been reported by Kruit 35_31.13 in experiments at 1.06 um.

Subsequently, several theoretical papers have appeared giving descriptions
36,70-74

and explanations of this effect. In the discussion below, we adopt the

analysis developed by Szﬁke.75

1 Dytr)
P T S T

The enerqy conservation governing the motion of an electron undergoing

photoionization by a multiphoton process in an intense electromagnetic field

is expressed by the relation

B2 +2

e

= > _ pt 1l o P .

eD(N) = eAq(E) + Nib = eAq+1(E) +3 mz + 5= (8)

In expression (8) eD(N) is the energy of the "dressed" atom (ion) state and

eAq(ﬁﬁ and € (E) are the enerqgies, respectively, of the initial state of the

Aag+l

q-t. - 3 charged ion and the final state of the q+l-charged ion in the electro-
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magnetic field E. Both states are shifted in energy by the dynamic stark

'effécf by amounts given by

> >
Bepg® = €y (B) - € (0) and _ (9)

e, (E)Z e, . (B) - e .(0) (10)

from their zero fieid energy. This effect is usually small ( < 100 meV) for
the more tiglitly bound initial states (ground levels) of the rare gases. The
last two tarins represent the total motional enexrgy of the electron, which
consists of the piece described by the ponderomotive potential, which arises
from the oscillatory motion of the electron in the alternating field, and the
term denoting the translational energy with momentum 3. The oscillating
motion of the ion74 is neglected in this expression, since its very large mass
causes thait ntribution to be extremely small. Once the electron is outside
the influen:>» of the ionic coulomb field, it cannot emit or absorb real photons.
It has bee:: previously shown75 that the influence of Compton scattering is
entirely negligible under the conditions relevant to these experiments.
Therefore, the total energy of the electronic moﬁion is conserved and the
component  resented by the rapidly oscillating quiver motion is converted
into trans! .iional kinetic energy by the ponderomotive force76 as the particle
moves to tih rero field region (E + 0) on its way to the detector.

Yhe ¢. atial point here is that, if the electron is excited to a. total
energy in the continuum less than that associated with. the ponderomotive poten-—

tial, namei,, the quiver energy, urder-those field conditions. it cannot escape

from the Coulomb potential and is trapped. This is equivalent to stating

that the ionization or continuum threshold, which can be defined as the series

limit characterizing the liberation of a Rydberg electron from a "dressed”
state, is upshifteéd by an amount equal to the quiver energy. rhereforg,

the expres<ion
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>2 2
E e
= l o > -
“T(E) = T + 3 —— + AeAq+1(E) - AeAq(:-:), . (11)
™
" in which T, = eAq+1(°) - eAq(O) is the usual low field ionization ghreshola.

can be considered as a generalized ionization threshold. The principal conse-

quence of this condition is the closing of low energy ionization channels above

certain characteristic laser intensities. This effect has been discussed
earlier by Razier.29 Furthermore, since the total enexgy of the electron
after the multiphoton absorption event is conserved, its deficit in trans-
lational kinetic energy in the high field region is regained upon expulsion
from that zone, leaving its kinetic energy altered relative to a low field
event only by the small difference arising from the dynamic stark shifts
of the initial and final atomic or ionic states. This situation holds for
the condition 'hat the escape velocity of the electron is sufficiently

fast with respect to the rate of variation of the laser field.75

These cousiderations lead to a characteristic behavior for the electron
spectrum of an ATI-ladder of lines. As the peak intensity of irradiation is
increased, the iower energy ionization channels close and the spectrum of

emitted electrons shifts towards the higher order lines while the line positions

remain nearly unaffected. It should be noted, however, that a perceptible

close.36'38’”'73 Further, on account of the mTz dependence of the ponderomotive

potential, the radiative influence on the shift of the ionization threshold

is considerably stronger in the infrared region than in the ultraviolet.

*

Interestingly, energetic electrons have been observed in experiments

1

conducted at 1.06 um at a peak intensity of ~ 10 6 w/cmz. In these relatively
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shift of the electron spectrum could already occur before the lower energy channels
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low resolnt:lon studies? 17 performed by Baldwin, Boreham, and Luther-bavis,

electrons with energies up to several hundred electron volts were detected

and the orig:ln of théir acceleration was attributed to the ponderomotive force..
However, the unshifted line positions observed by xruj.t and cou.rorkexrs13 seem

to be at variance with this result. In this connection it is noted that, due
to the upshift of the ionization threshold by the ponderomotive potential,

the lowest ionization channel open for 1.06 um radiation at this intensity
corresponds to a tramsition involving several hundred photons. Of course,

low energy electrons are simultaneously obsexved as a result of ionization
early in the rise of the pulse or from generation in peripheral regions of

the interaction volume that are exposed to a lower intensity. Similar findings

have been recently reported by Lompré and eovwm:kex.'s16 who observed, in low
energy resolution experiments, electrons with energies up to 50 eV. In this
case,l6 it was assumed that the virtual excitation of multiply excited states

enhanced the probability for ATI processes. However, this analysis did not

take into account the radiative shift of the ionization threshold.-

The -yelative weakening of the two-photon (0.7 eV) ionization line and the
related étrenqthening of the- three quantum ionization lines observed in the xenon

electron spectrum can both be attributed to the closing of the lower (0.7 eV)

channel throughout a considerable fraction of the interaction volume. The in-

rj:

b

L

£

; tensity of 193 nmr radiation necessary to shift the ionization threshold an energy
:t equivalent to 0.7 eV is v~ 2 x 1014 w/cmz, a value in good agreement with our
-

’ experiment. On the other hand, these results indicate that a substantial

i fraction of neutral Xe atoms is still present when the laser pulse reaches

.

- the intensity of »~ 2 x 1014 w/cmz, since most of the observed higher order

e processes appear to occur between that value and the threshold closing of the
; .
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three-photon ionization at n 1.5 x 1015 w/cmz. The closing of the latter

“ ¥
X
%

channel is not observed in these experiments indicating that intensities

1.

S

greater than 1.5 x 1015 W/cnz were not-p&bduced in the current studies,

[

e ¥
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2. Dynamic Stark Splitting of the Xe Two~-Photon Ionization Line

LA

The splitting of the two-photon ionization line at I, 0.7 eV in xenon

S
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e e

ety e
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illustrated in Fig.- (6) that develops with increasing 193 nm intensity
1

4

occurs in the intensity range between 1010 W/cm2 and N_lQ 2 W/cmz. Since

these intensities are rather low, the splitting is readily observed with the
relatively low power ASE pulse ~ 10 nsec duration without the presence of
the considerably more intense picosecond radiation. The experimental signature
of the splitting appears to rule out a spurious instrumental origin for this
effect. The splitting is seen to be independent of both pressure and the
position of the interaction region along the magnetic field axis. The influence
of space charge generated by scattered 193 nm radiation from surfaces has been
examined by independently illuminating the surfaces near the interaction zone
with a separate beam. As a result of the charge éensity produced in this way,
the line is shifted to higher electron energy withia perceptibly altered
‘shape, but importantly, with the splitting preserved.

As noted above, the two-photon absorption in xenon is distinguished by
the fact that the equivalent two-photon energy is located in the autoionizing

Rydberqg series converging to the 5825p52p;/2 series limit, a property leading

E to the presence of near resonances.77 It is well known that if a sufficiently

; strong coupling is established between two states by an intense resonant field,
-

a splitting can develop which arises from the dynamic stark effect of the

"dressed” atomic stat_:es.78 For the circumstance in which the upper state

is an autoionizing level, the influence of the Autler-Townes effect on the

electron energy spectrum has been studied extensively by K. Rzazewski and
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Eberly = for a transition involving a single photon.. Moreover, this i NS
. ' A j 3
dynamic stark splitting, in the context of multiphoton transitions and Ly
AN
3 ‘J‘:'»’C

electron energy spectra, has been discussed by Lambropuolos and 2011erla oy
7 3 v ;‘h-’-..
and Bialynicka-Birula. Both the near resonant discrete state and the Qﬁt;

continuum are coupled to each other by the coulomb interaction as described

in the model developed by Fano.80 The energy distribution of the photoelectrons
released from the autoionizing state acts as a probe to detect the splitting.
Tae actual shape of the resulting photoelectron line depends sensitively on

the parameters governing the behavior of the system. The relevant parameters

are the radiative coupling strength linking the two resonant levels, the
autoionization linewidth, the laser bandwidth, the pulselength, the dephasing
rate, the intensity dependent detuning of the laser from the discrete resonances,
and the Fano asymmetry parameter. We tentatively interpret the observed
splitting of the 0.7 eV line in xenon as arising from the dynamic stark effect.
Ry fitting the measured line profile to the parameters mentioned above, the
cbserved electron line shape, including the intensity dependence, could be

reproduced for parameters representing reasonable physical values. A more

detailed analysis is currently underway and will be published elsewhere.

3. Evidence Concerning High Charge State Production
Table II lists the relative ion charge state abundances for Xe, Kr,

. . < . . . 3,4
and Ar which have been obtained previously in an ion time-of-flight experiment,”’

under conditions which are similar o those of the present electron energy
measurements. These data are presented along with the expected relative electron
vyield for each charge state for two distinct limiting cases. They are (a) the purely
sequential ahd (b) direct processes, respectively. According to this comparison,

in the direct process, approximately 70% for xenon, 30% for krypton, and 15% for

argon of all electrons that are produced arise from the formation of higher charged
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iong. It is expected that these electrons would contribute a relatively low

- energy continuunbto the elecfgon spectra. No unambiguous evidence for the.
existence of such a contribution to the continuum has been found, but its
presence could be obscured by the surface background electrons produced by
scattered radiation and the low enerqgy wings of the prominent ATI-ladder lines
shown in Fig. (3). The gas density has been kept low in order to avoid detector
saturation caused by the higher energy lines. The possibility that these
electrons are trapped in the space charge of the residual ion cloud was tested
and ruled out by the application of a static electric field across the interaction
region.

If the model of sequential electron production is adopted, several
channels for ionization have to be simultaneously considered on account of the
number of possible excited states that could be produced in conjunction with
the distribution of the observed jonic species. Table I1II,a lists some of the
processes which are believed to be significant. They are, of course, related
to the observed lines-illustrated in Fig. (5). As shown in the figure, the
lines which are manifest in the measured xenon electron energy spectrum for
intensities above Vv 2 x 1014 W/cm2 closely match a pattern of overlapping ATI-
ladder series with each series associated with the population of a respective
ionic state. The branching ratios for the different excited states of the
r;sidual ions are not known and, as discussed in Sec. III. A above, may depend
strongly on intensity dependent resonances. We note the accidental coincidence
of several line energies, a fact which makes it difficult to isolate certain
individual ladder contributions, especially those for processes leading to Xe3+

and higher charge states. The lowest enerqy lines are seen to be grouped in

the range between ~ 2 eV and ™ 6 eV. More energetic groups are apparent with
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corresponding spacings of lines given approximately by the photon energy of
$.41 eV. Estimates of the relative intensities for the most prominent lines

are listed in Table IV. Except for the first group of lines in the 2-4 ev

Phal il S NP

cange shown in Fig. (S), the relative line intensity within each of the hicher
nergy groups is repeated, although the absolute intensity of these features
{cops rapidly with increasing energy. At a density of ~ 2 x 10-S Toxr, weak
line groups up to an energy of ~ 60 eV c;uld be observed in this experiment.
These data indicate that in the sequential production of the higher charge
states of the xenon ions, ATI occurs with a greater probability than in the
wultiphoton ionization of the neutral xenon atom. This observation may be
attributable to the higher saturation intensity expected to be characteristic
) of the ionized species resultiﬁé from the larger energy of ionization and the
avcrespondingly greater order N of the threshold process. The comparison of
tlie relatively weak group of lines in the 2-4 eV region of Fig. (5) with those
lines of the next higher order indicates that the lowest order channels close,
ai. least for. the maximum intensity region of the interaction volume. The
losing of these channels corresponds to a range-of intensities spanning from
x 5.6 x 10™ w/em? (v 2 eV) to & 1.4 x 10'° W/em® (v S eV). This closing of
the lowest order channels of ionization could explain the fact that the lowest
nergy feature (£5) in the next higher order group is the most intense. A close
oxamination of the line energies reveals that the individual ATI-ladder series
- arvae shifted in energy relative to each other by an amount on the order of

"~ 50 meV. Although these apparent shifts have to be interpreted with caution,

since they may be subject to the influence of space charge induced by scat-

tored radiation, they may represent the relative dynamic stark shifts of the

fuitial and final ionic states according to Eq. 11.
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The total integrated intensity of .the neutral ionization lines is
'qpproxinatelf.equa} to that of the ionization>lines arisipg from the ions.
As presented in Table II, the sequential process can account for the.total
ion production observed in xenon to within the experimental uncertainty.
The question of the existence of an additional continuum contribution underlying
the densely packed features between 0.5 and 6 eV, although possible, cannot
be answered with the enetgy resolution available in this experiment. L'Huillier
and coworkerse1 concluded from their experimental ion data that direct excitation
of the neutral atom is the dominant process at intensities below the saturation
level. Above that intensity, due to the depletion of neutral atoms in the
interaction volume, the sequential ionization of ions becomes increasingly
important. This view is not in conflict with the results of the present work,
since the spectra were taken well in the saturation regime. The direct
xcitation process could become significant at ultraviolet wavelengths for the
production of charge states higher than the triply charged ion, because the
;situation for these species, as noted in Sectiog IXI. A above, is similar to
that governing the interaction of atoms with infr?red fields.

More iniormation concerning the competition between the sequential and
direct processes should be obtainable from a study of the electron spectra
of the other rare gases. The behavior of xenon contrasts with that exhibited
by argon and krypton. As Table II shows, the electron contributions arising
from the formation of higher charged ions is considerably less for argon and
krypton at intensities below ~ 1015 w/cm2 than they are for xenon. In addition,
for krypton the experimental situation is aggravated by the fact that the iow
energy electron continuum between ~ 0 eV and v~ 2 eV generated by scattered

radiation may abscure all weak line features in this range. Furthermore, the

krypton pres: 1vre has to be kept below " 2 x 10_7 Torr in order to avoid
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p : detector saturation caused by the dominant 5.24 eV-line shown in Fig. (3),
an effect which will suppress any lower energy features.

‘ A

The sequential ionization of the xr+ ZP;/Z ground state to the ground

and low lying excited xr2+-ion states produces electron lines grouped around

0.9 eV - 1 eV for 4-photon absorption (Table I1Ib) and around 6.8 - 7.5 eV
for S~photon absorption. The lowest order channels close at intensities in éﬁi
45 the range of 1.5 x 1014 - 3x 1014 w/cmz. A careful study of many electron

spectra recorded under different experimental conditions revealed that the _ .
- feature observed in the krypton spectrum shown in Fig. (3) between 6.5 eV

and 8.5 eV can be associated with these 5-photon processes.

In Ar the sequential Arz+ fqrmation leads to electron lines around
- 4.3 eV (Table IIT.c). The inset illustrated in the argon spectrum of Fig. (3),
which was recorded at a higher enerqgy resolution, clearly shows the expécted
feaéure, but slightly upshifted at around 5 eV. In addition, on the low

energy side of the structured peak occurring at ~ 10 eV, another line is

P A

+ A -
seen which corresponds to 6-photon ionization of Ar 2?2/2 with the final

> Ar2+ ion in the excited 1D2 level (Table III.c). The combined intensity of
these lines, relative .to the neutral Ar ladder sequence, approximately reflects

the measured relative abundances of the-Ar+ and'Ar2+ ions listed.in Table II.

. (
'.'..l'. »

If the direct process is important for argon and krypton and if a
substantial fraction of the electrons produced comprise a relatively low
enerqy continuum, then the experimental difficulties noted above interfere
with their detection. Also, we recall, from the discussion in Section III.A,

g that the probability for direct multiphoton absorption above the second

a

v ionization threshold must be quite low under the given experimental conditions.
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4;=.~1_Multiphoton Inner-Shell Excitation

In addition to the photoionization of outer-shell electrons, highly charged
ions can be ‘. final result arising from the_initiai formation of an inner-shell
vacancy followed by electron rearrangement with the emission of radiation and

Auger el= trons in a cascade process? The Auger spectra of the rare gases
have been uiasured using both single-photon and electron impact ionization.87-94
In multiphton experiments inner-shell excitation is possible, in principle,
either by .lirect high-order multiphoton coupling to the inner -electron or by
energy transfer from multiply excited outer-shell configurations. For the latter,
it has beun possible to formulate a model describing a possible mode of intra-
shell coupling by drawing an analogy with fast ion-atom and atom—atom

19,20

collisiocon= . The known properties of free atoms suggest that this kind of

coupling could be quite strong, particularly in certain regions of the periodic
table.4 in Xe, for example, the 5p, 5s, and 4d shells exhibit substantial intra-

. . . . R 85,95-97
shell cow:ling and behave in a collective fashion like a single super shell.
Direct iai:c-~shell photoexcitation by the ultraviolet radiation is expected
to be unlinly because of the screening98 provided-by the outer-shells, an
effect »11: '\ is significant because the single photon energy is below the outer-

9

shell excitation energy.9 However, at very high laser intensities, the strong

inter-shell coupling is expected to cause a nonlinear response of the outer-
shell eln~cirons to the laser field and, consequently, the generation of higher
harmonic:. of the field, which can then penetrate to inner-shells and cause their
ionization.zo'loo
Independent of the mechanism of excitation, the Avger decay of an inner-
shell vacancy should result in an electron energy spectrum with a characteristic
pattern of lines. The spectrum consists of the principal decay line, 'leaving
the dowbly charged ion in the ground state, and an array of satellite lines caused

95,96

by elect:.... correlation (shake-up) which leads to ion formation in an

excited . ...te.
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In xenon, the energies of the 4¢195525p62D5/2 3/2 44d-hole states are-

xnown?272%L 45 be at 67.55 eV and 69.52 eV, respectively. The corresponding

energies for the krypton 3d-hole states 3d94324p62D5/2 3/2 are measured 101

to be at 93.82 eV and 95.04 eV, respectively. The strongest decay lines in the

N45-00 Auger spectrum of xenon are grouped around 35 eV with observedgz'94

low energy satellites extending down to ~ 8 eV. 1In the M45-NN Auger spectrum

of krypton, the corresponding linesg3 are grouped around 55 eV with satellites

of significant strength down to 25 eV. However, a close examination of our

15 w/cmz, although revealing

102,103

electron spectrum for xenon for intensities below 10

several prominent lines in the 8 ~ 22 eV region with spacings matching

the known92 4d5/2 - 463/2 fine-structure splitting of 2 eV, does not give

evidence for the expected features in the ~ 35 eV range. At the same time,
as described in Section III.A and shown in Table 1IX,a and Fig, (5), the main
features of the observed electron spectra for xenon at intensities below

~ 1015 W/cm2 can be understood as arising from ATI-ladder sequences involving

LOR SR I sve a0 o
[

. + + + . .
the formation of Xe , Xe2 , and Xe3 with allowahce made for the production

ol
)

l. of certain identified excited ionic states. Experimentally, the accidental
! coincidence, for 193 mm radiation, of certain ATI lines with the energies

characteristic of the low energy satellites of the xenon to 4d-Auger decay

prevents isolation of any Auger features even if present in the data. Never-
theless, the possibility exists, that under appropriate circumstances, an
inner-shell vacancy produced in a nonlinear process would undergo an Auger

decay with a rate on the order of 1014 sec-'1 and electron energies characteristic
of the charge state involved.104 Since an atom responding in this way would

be strongly perturbed by the intense ambient electromagnetic field, considerable

energy shifts.los variations in the level widths, and changes of the branching

ratios for Auger transitions are expected. 1In this connection it is interesting
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to recall that, in preliminary e::per::i.mem:s4 conducted at 193 nm intensities

in the 10*° - 10!

7 W/mz range, evidence was found for the production of
energetic radiation (10 eV < ) ' _f 80 eV) emitted by xenon with irradiation
under collision~free conditions. Radiation of this energy could be produced
by inner-shell transitions®® or the emission of flouresence. following the
maltiphoton excitation of a near resonance in the outer-shell of a xenon
ion. However, since no evidence for such a process has been found in the
¢lectron spectra, the probability for this process at intensities below

15 2

v 1077 W/cm™ must be fairly low unless the process of autoionization is

suppressed or energetically forbidden.

5. Competition between Direct and Sequential Processes

The present results on electron spectra indicate that the process of
sequential ionization, modified by the presence of ATI, dominates the
production of the electrons observed. However, it has also been indicatedlg'zo
that a direct mechanism of interaction, capable of producing both multiple

ionization and inner-shell excitation,103 could occur if certain motions

>f the atomic outer-shell electrons can be drivex; by the incident electro-
magnetic field. 1In the competition of these two mechanisms, we now examine
the nature of the conditions necessary for the enhancement of the direct
process.

In order to maximize the probability for energy transfer between multiply
excited confiqurations of outer-shell electrons and those occupying inner-shell
orbits, the decay rate of the outer-shell excitation by electron emission must

be sufficiently 10“106

to permit the overall act of multiquantum absorption,
involving both the excitation of outer electrons by the radiation field and
the inter-shell enexrgy transfer, to occur. Specifically, we want the escape

of electrons from the vicinity of the atomic potential to be retarded. A
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possible means to achieve this is through the presence of the ponderomotive
potential (of Eq. 8)

ezz 2(t) .
o

U(Ip,t) = 2 ’ {(12)

4mw
provided that its strength can be developed with sufficient rapidity to effec-
tively discourage electron emission into the available channels. In expression
{12) the explicit dependencies on laser intensity I through the fielé strength
Eo' frequency w, and time t have been indicated. One possible statement of the
condition necessary is that the ponderomotive potential U(I,w,t) increases an
amount equal to the quantum energy (Mw) in the time scale To characterizing
electron emission during the course of irradiation. In this situation, the atomic
electrons experience a sequence of closing channels at succesively higher energies
as radiation is absorbed by the atom. This statement can be written as

AU(I,w,t) _ o
a3t 1 (13)

e

Since the ponderomotive potential Icf. Eg. (8)] can be written as

2 .
nrre,t = (22 1w, (14)
meo
the result
4ar(t) mcﬁn3
at = 2 15
27e Te

follows. 1If, for simplicity, we consider a trianqular pulse with a maximum

N intensity I° which rises linearly in time over a period 1, equation (15) for

~

3 the theoretitally required condition can be put in the form

>

Q)

2 1 3

o

! . T =8: "'c”; , , (16)
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or equivalently,
2we21o Io
T=1T (—) = (2na)t (=) (17

e ncll3 e %ﬂ

with
. . 3

and & denoting the fine structure constant. In expression (17), for the time
scale T necessary, two parameters occur; One characterizes the maximum intensity
Io; a factor under experimental control, while the other is the electron emission
time Ter viewed in this simple picture as an intrinsic atomic parameter. It may
be, of course, that T, is influenced by the instantaneous intensity and the order

N of the process, but these complications are not considered here.

An approximate value for the time scale Te can be related to the data

on the electron spectra shown in Table III, Fig. (3), and Fig. (5). We observe

that, although ionic excited states are evident, no levels with excited

y o 4

.

configurations are present. Specifically, no state representing a configuration

L ]

A AR AT

involving an excited (n,%) orbital is detected and, as discussed in Section III.A,
no influence of such excited states was seen on the intensity distributions

of the observed electron spectra. This experimental fact suggests that the
process of electron removal is adiabatic with respect to the electronic

orbital motion. Equivalently, shake-up arising from the electron emission

is negligible. Since all the ionic species of xenon listed in Table II1I.a

have states with excited configurations lying approximate1y26 105cm'1 above

their respective ionic ground states, the time te should be long compared to

A~ 3.3 x 10—16 sec in order to respect this condition for adiabaticity.

Therefore, for the estimates furnished below in Table V, we will use the
-15 )

value Te = 10 sec.
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Table V contains a compilation -of the parameters for several extant studies N

of collision-free nonlinear processes and gives the characteristic ranges over A '

y which these experiments have been p‘:fotled. The conditions of these studies can _‘
v then be calpared to the criterion stated in Eq. (13) by the introduction of a :%
factor vy defined as | ‘i'

| YE I/ (19) '

the experimental counterpart of the theoretically required condition stated in ,:::

Eq. (16). The column (B/Yy) then gives & direct measure of the departure of the _

experimental conditions from that expressed in Eq. (13). Specifically, values of vx.

B8/y > 1 indicate that the necessary conditions are not satisfied. The large values i:.:::

of B/y shown in Table V demonstrate that all the experiments conducted thus far \:‘

fail to satisfy the conditions of Eq. (13) by a significant margin, most by factors '

of a thousand or more. Therefore, within the framework of this type of physical C\ \

picture, the sequential process would be expected to play the major, if not dominant .L

role, in these experiments. Finally, a comparison of the peak ponderomotive potential ”

U(Iex' w ) appearing in Table V for the experiment of Baldwin and Boreham.l-, who \:.

observed a maximum electron energy of 400 - 500 e/, shows that the observed electron

energy corresponds approximately to a value one ordér of magnitude lower than the KA

peak ponderomotive potential. This correspondence gives an indication of the physical ‘

significance of the criterion estimated with Eq. (13). ;.‘

~ We now inquire into the possibility of entering the regime for which B8/y <1, i
- =
& the range of intensities and pulse widths which is in conformance with the general
"_ criterion of Eq. (13). On the basis of earlier estimates?’1%920 j¢ has been suqgested
that the direct process is favored if the atom is exposed to a radiative electric field .

Y .
E E significantly greater thah an atomic: unitA(Ea = e/acz,) . A intensity 1 o= 1018 w/cnz, _ _:
E a value- corresponding to a few atomic units of.electric field and beliewed to be ;
E_’. technically feasible with modern light sourccs.lb would satls,fir this condition. There-
':‘ fore, we will use this intensity scale in ordér to estimate the maximm pulse width z.{
E:' periissibl'e for 248 nm radiation. A the wavelength of°248 nm, I»> =.3.9 x .1013 H/cnz. :“

i
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or equivalently, 8 = 8.5 x 102> w/cm>-sec. Consequently, 8/y = 1 implies that
L 1.2 x 10712 sec. Therefore, a KrF* (248 nm) source capable of ~ 1 ps
operation and focusable to ~n 1018 H/cll2 would enable experiments to be
conducted under the appropriate . physical conditions. Fortunately, the technical
feasivility of such an instrument is nanifest,lb so that studies in this inter-
esting physical regime will be conducted in the near future. According
to tiis analysis, with irradiation at 248 nm at a peak pulse intensity of
~ 1018 w/cnz, the electrons would be trapped in a ponderomotive potential
with a depth of several kilo-electron volts.

¥ inally, the simple picture presented above can be viewed in a manner
simi. v to that used in the description of atomic collisions which involve

108 If the transitions between adjacent "dressed” levels'??

a cu. s> crossing.
corresponding with the ATI channels are regarded as a level crossing phenomenon,
then, in analogy with the collisional problem, the canonical energy parameter

becoir ;s fw and the time scale associated with the transition corresponds to

T, tence, the standard condition for adiabaticity, and, consequently, a low

tra«:.tion rate, is given by

b
l

-~
.

Wt >> 1, (20)

a condition that is fulfilled at ultraviolet wavelengths with Te ~ 10“15 secC.

IV. Summary
The energy spectra of electrons generated by collision-free multiphoton

ioniz.ation of Xe, Kr, Ar, and Ne exposed to picosecond 193 nm radiation have

1

been studied up to an intensity of & 10 > w/cmz. In addition to the appearance

JEEC S JRY T TR,

of th.: lowest order ionization lines, all spectra exhibit above threshold

7

:j ionization (ATI) transitions, although with considerably lower intensity. The

E prob. ilities of ionization and the branching into specific final ion states
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appear sensitive to the presence of near-resonances with excited ato-.ic. states.
The rapid decrease in the electron line intensity with increasing nonlmear
order N of the Mss, in comparison to corresponding spectra obtained at
visible and infrared wavelengths, is qualitatively in agreement with calculations
of the transition probability which take into account certain features of the
interaction including the temporal laser pulse shape and saturation. No shift
of the measured electron spectral features could be unambiguously attributed

to the dynamic stark effect or the inflﬁence of the ponderomotive force.
Furthermore, the influence of excited ionic eonfigurations, multiply excited
valence shell levels, or inner-shell excited states on the observed intensity

patterns of ATI-lines appears to be negligible.

In the formation of higher charged ions, the data indicate that the
sequential liberation of electrons is the dominant process governing the
interaction over the range of physical parameters studied. This characteristic
of the process is most evident in the electron spectra exhibited by xenon. In
thi; case, the appearance of overlapping ATI-ladder series shows that the

sequcntial mechanism is the main process leading ‘to the formation of Xe2+

and Xe3+.

The closing of specific low energy channels due 'to the influence of the
ponderomotive potential has also been cbserved and the intensities at which
these channels are suppressed conform qualitatively to that predicted
theoretically. It seems possible, that in properly conducted experiments,
that this effect could be used to measure the maximum intensity occurring in
the focal volume.

An examination of the competition between mechanisms of direct multiple

ionization and sequential jonization leads to the conclusion that, given the

range of physical conditions studied, all experiments conducted so far are

- ~ . - - - - . - . . . - .
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expected to strongly favor ionization by the sequential process. Conversely,

enhancgunt of the direct process may occur in a physical regime for whi.éh
the emission of electrons in low energy channels is sufficiently retarded by
the influence of the ponderomotive potential. The conditions necessary to
examine this situation can be experimentally realized by modern ultraviolet
sources operating .in the sub-picosecond region.

The two-photon line for Xe, the lowest order ionization process for that

material at 193 nm, is ‘located energetically adjacent to the autoionizing

Rydberg series which converges to the Sszspszpcl, /2 excited ion state. This
feature is observed to split into a well resolved doublet at laser intensities

between 10]'0 - 1012 w/cmz. This observation has been tentatively interpreted

as arising from the Autler-Townes effect.
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